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PREFACE 


This  volume  was  inspired  by  Professor  A.  Baird  Hastings,  who  saw 
in  the  natural  history  of  iodine  an  important  bridge  between  bio¬ 
chemistry  and  endocrinology.  The  experience  upon  which  it  rests 
was  gained  in  the  laboratory  of  Professor  Charles  Robert  Haring- 
ton  in  London  and  in  the  clinic  of  Professor  James  Howard  Means 
in  Boston.  For  many  decades  iodine  has  attracted  a  great  variety  of 
professional  interests  —  biological,  physiological,  chemical,  medical, 
surgical.  As  the  latter  chapters  will  attest,  the  atomic  physicist  has 
recently  joined  the  already  cosmopolitan  group.  It  is  hoped  that  this 
community  of  effort  is  appropriately  represented  in  bringing  to¬ 
gether  here  the  many  recent  advances  in  studies  of  the  halogen. 

The  general  arrangement  of  the  book  is  due  to  Mary  E.  Corcoran, 
the  illustrations  to  Adelaide  M.  Hayes,  and  the  bibliography  to 
Eleanor  Vallandigham  Salter  and  Wilfrida  Messenger.  For  many 
hours  of  their  thoughtful  work  the  author  is  greatly  indebted.  Ac¬ 
knowledgment  is  due  also  to  the  gracious  assistance  of  the  staff  of 
the  Harvard  University  Press  and  to  the  many  authors,  journals 
and  publishers  who  have  permitted  unpublished  data  and  copy¬ 
righted  material  to  be  reproduced.  Finally,  both  the  author  and  the 
reader  owe  much  to  Professor  John  P.  Peters  of  Yale,  who  read  large 
sections  of  the  original  manuscript  and,  with  disarming  candor 
offered  many  helpful  suggestions. 


Boston,  Massachusetts 
March  17,  1940 


W.  T.  s. 
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CHAPTER  I 


IODINE  BALANCE  AND  ENDOCRINE  BALANCE 


The  most  important  concept  in  endocrinology  which  emerges  from 
the  feverish  activity  of  the  past  decade  is  the  principle  of  endocrine 
balance.  Discovered  and  rediscovered  by  several  investigators,  the 
paradoxical  truth  has  dawned  finally  that  man  or  beast  may  suffer 
less  from  the  loss  of  several  glands  than  from  losing  a  single  one. 
For  each  of  the  precious  juices  the  other  secretions  supply  a  partial 
antidote,  so  that  health  and  personality  may  be  preserved,  deli¬ 
cately  poised.  Henceforth  the  practicing  consultant  and  the  labora¬ 
tory  investigator,  both,  must  think  in  terms  of  integrated  hormonal 
effects  and  must  look  to  precise  chemical  mechanisms  whereby  the 
parent  organs  react  upon  one  another.  No  longer  will  it  suffice  to 
describe  in  romantic  or  in  clinical  terms  the  superficial  results  of 
imbalance.  Even  painstaking  studies  of  general  bodily  metabolism 
and  of  hormone  excretion  will  fail  to  touch  the  fundamental  prob¬ 
lem,  because  such  studies  record  only  ultimate  effects.  Interplay 
of  endocrines  must  be  described  in  terms  of  the  glands  themselves, 
especially  in  chemical  terms.  Thus,  recent  advances  in  knowl¬ 
edge  of  the  sterols  have  served  to  emphasize  the  community  in 
composition  of  the  gonads  and  of  the  adrenal.  These  researches 
have  tended  to  segregate  reproduction  and  sex  by  assigning  the 
former  to  organs  which  are  dispensable  and  the  latter  to  the  adrenal 
coitex,  which  is  indispensable  to  life.  Nevertheless,  in  strictly 
chemical  terms,  there  is  good  evidence  that  these  hormones  overlap 
and  are  interchangeable  to  some  degree. 


At  best,  however,  this  arrangement  is  only  a  minor  entente  in  the 
endocrine  system.  More  cogent  is  the  balance  of  power  throughout 
the  entire  league  of  endocrines.  How  is  the  hypophysial  hegemony 
regulated  and  through  what  common  mediator?  No  simple  answer 
can  be  given  to  this  question  and  certainly  no  complete  description 
ut  part  of  the  problem  can  be  projected  in  terms  of  iodine.  Such 
an  approach  is  justified  by  several  findings.  For  example  the  con 

centratmn  f  this  element  „  phenomenally  high  in 

of  which  is  especially  equipped  to  trap  and  to  store  it.  In  the 
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athyreotic  organism,  other  glands  lose  their  iodine  as  they  cease  to 
function  and  regain  iodine  as  health  is  restored.  Moreover,  at  least 
one  hypophysial  tropic  activity  is  profoundly  influenced  by  iodine. 
For  these  and  other  reasons,  iodine  balance  commonly  reflects  endo¬ 
crine  balance. 

Since  the  discovery  of  iodine  by  Courtois  in  1811,107  two  events 
stand  out  in  our  unfolding  knowledge  of  iodine  in  relation  to  physio¬ 
logical  processes.  These  are  the  discovery  of  iodine  in  the  thyroid 
by  Baumann  in  189 5, 39  and  the  isolation  of  crystalline  thyroxine  by 
Kendall  on  Christmas  Day,  19 14, 971  but  in  themselves  these 
discoveries  contributed  little  to  the  understanding  of  biological  mech¬ 
anisms.  They  are  supremely  important  because  they  served  as  jump¬ 
ing-off  points  for  painstaking  researches  by  scores  of  other  students 
who,  bit  by  bit,  have  brought  our  knowledge  to  its  present  pitch. 
The  chief  impediment  to  these  studies  has  been  a  lack  of  suitable 
techniques  and,  in  particular,  of  analytical  methods.  This  continues 
to  be  true,  largely  because  of  the  very  low  concentrations  of  iodine 
found  in  most  biological  systems.  The  point  is  evident  from  a  com¬ 
parative  study  of  successive  classical  monographs  bearing  on  the 
subject,  such  as  those  of  Kendall,  1921, 273  von  Fellenberg,  192 6, 168 
Scharrer,  1928, 476  Harington,  1933,“'°  Elmer,  1938, 139  Leipert, 
1 938, 312  and  McClendon,  1939.377  To  these  sources  we  owe  much 
of  our  present  knowledge  about  the  usefulness  of  iodine  balances 
and  also  about  their  limitations. 

In  1850  Rabourdin  447  published  his  method  for  determining 
iodine,  and  forthwith  there  began  a  series  of  investigations  which 
can  be  traced  through  Chatin  83  and  von  Fellenberg  167  to  the  present 
day.  Although  Bubnow,  1884, 68  identified  the  thyroid  colloid  as 
protein  in  nature,  it  remained  for  Baumann,  1896, 40  and  Hutchison, 
1 896, 259  to  study  thyroglobulin  as  an  /odoprotein.  Subsequently  the 
identification  of  3,5  diiodo-l-tyrosine  by  Wheeler  and  Jamieson  in 
1905  574  established  a  working  hypothesis  for  the  protein’s  constitu¬ 
tion  which  led  to  the  isolation  of  the  amino-acid  by  Harington  and 
Randall  226  (1929).  Meanwhile,  Harington  and  Barger,  1927, 223 
established  that  thyroxine  also  is  a  derivative  of  tyrosine.  Finally, 
in  the  last  decade  it  has  become  clear  that  the  thyroid  hormone  is 
stored  in  a  characteristic  colloid  form,  containing  at  least  two  iodo- 
amino-acids  in  peptide  linkage  (Harington  and  Salter,  1930). 

In  recent  years  attention  has  been  focused  upon  the  measurement 
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of  the  minute  amounts  of  iodine  in  the  blood,  in  excreta,  and  in 
various  tissues  other  than  the  thyroid.  Amounts  as  low  as  0.5  micro¬ 
gram  (0.000,000,5  gram)  have  been  measured  within  an  error  of  0.1 
microgram,  an  accuracy  satisfactory  for  many  physiological  prob¬ 
lems.*  Such  procedures,  however,  demand  a  considerable  analytical 
skill.  Indeed,  only  a  few  years  ago,  several  microchemists  analyzed 
samples  of  normal  blood  and  reported  values  for  iodine  ranging 
from  8  to  69  gamma  per  cent.466  Fortunately,  more  reliable 
techniques  are  now  available.  Even  though  they  are  still  crude, 
considering  their  objective,  nevertheless  they  have  been  developed 
already  to  the  point  of  dividing  the  vanishing  biological  iodine  into 
characteristic  fractions,  i.e.,  “organic”  and  “inorganic.” 

Inasmuch  as  we  allow  the  modern  methodologists  no  place  in  our 
opening  chapter,  and  indeed,  banish  them  to  the  appendix,  it  must 
be  emphasized  that  the  study  of  iodine  balance  is  peculiarly  depend¬ 
ent  upon  rigorous  technique.  In  fact,  most  of  the  information  to  be 
presented  must  be  evaluated  primarily  on  the  basis  of  the  analytical 
procedures  involved.  Because  we  are  so  patently  at  the  mercy  of 
the  analytical  chemists,  as  we  close  we  shall  pause  to  greet  them, 
just  inside  the  back  cover. 

*  A  microgram  is  1/1000  milligram.  In  this  volume  the  term  is  often  used  when  the 
absolute  amount  or  total  content  of  a  tissue  or  organ  is  stated.  On  the  contrary,  when¬ 
ever  concentration  is  mentioned,  that  is,  micrograms  per  100  grams  of  tissue,  the  term 
gamma  per  cent  (or  7  %)  has  been  employed,  in  deference  to  common  laboratory 
usage.  Therefore,  the  purist  will  read  micrograms  per  cent  in  place  of  gamma  per  cent 
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Justus,  1902-1904, 207  decided  that  all  cells  contain  iodine,  and  in 
recent  years  reliable  quantitative  evidence  has  been  adduced  in 
favor  of  his  point  of  view.  Nevertheless,  the  iodine  content  of  the 
whole  human  adult  is  small;  it  varies  between  20  and  50  mg.529  This 
amount  is  equivalent  to  less  than  10  minims  of  liquor  iodi  compositus, 
U.  S.  P.  Of  this  whole  quantity,  the  muscles  contain  one-half,  the 
skin  one-tenth,  and  the  skeleton  one-seventeenth. 

The  total  iodine  in  the  blood  of  normal,  fasting  individuals  is 
probably  less  than  10  gamma  per  cent,  and  contributes  less  than 
one-tenth  of  the  whole  iodine  in  the  body.  The  human  thyroid 
normally  holds  at  least  one-fifth  of  the  total  iodine,  even  though  its 
mass  is  only  one  five-hundredth  that  of  the  whole  body.  Thus  the 
thyroid  iodine  (40,000  gamma  per  cent)  is  a  thousand  times  as  con¬ 
centrated  as  muscle  iodine  (30  gamma  per  cent).  Lower  values  for 
all  tissues  may  be  encountered  when  the  iodine  supply  is  very  low, 
but  the  normal  thyroid  maintains  its  capacity  for  the  preferential 
trapping  of  iodine  even  when  the  amount  of  ingested  iodine  is  greatly 
reduced. 

The  next  highest  iodine  concentrations  are  found  in  other  glands 
of  internal  secretion.85  These  include  the  anterior  pituitary,138  epiph¬ 
ysis,  ovary,  adrenal  cortex,157  and  the  parathyroid.  In  general,  the 
iodine  concentration  of  these  endocrine  organs  is  some  fourfold  that 
of  other  body  tissues,  which  contain  only  about  20  to  30  gamma  per 
cent.  The  increased  concentration  in  the  endocrines  largely  disap¬ 
pears  after  thyroidectomy, 0-9  whereas  the  iodine  in  skeletal  muscle 
and  other  tissues  remains  relatively  undisturbed.  This  fact  raises 
the  possibility  that  iodine  in  these  endocrine  glands  is  of  thyroidal 
origin,  a  question  to  be  studied  further. 

Types  of  Iodine  Compound  in  the  Organism 

At  the  present  writing,  tissue  iodine  usually  is  classified  as  (/) 
inorganic  iodide,  and  (a)  organically  bound  iodine,  which  may  be 
(a)  like  thyroxine,  insoluble  in  dilute  aqueous  acid,  or  ( b )  like  di 
iodotyrosine,  relatively  soluble  in  dilute  aqueous  acid. 
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Iodide.  It  is  clear  that  most  body  fluids  contain  inorganic  iodide, 
the  concentration  of  which  (roughly,  2  gamma  per  cent)  will  be  dis¬ 
cussed  later.  Likewise,  red  cells  are  known  to  contain  inorganic 
iodide.  These  concentrations,  it  will  be  noted,  are  rather  low  under 
ordinary  physiological  conditions.  They  may  possibly  be  increased 
several  times  in  hyperthyroidism,  and  certainly  after  the  therapeutic 
administration  of  iodide  over  an  hundredfold  (see  Chapter  IV). 

Pincussen  and  Roman  440  studied  the  electrodialyzable  iodine  in 
the  mixed  tissues  of  white  mice.  The  gross  average  for  iodine  was 
3.4  mg.  per  cent,  of  which  the  ratio  of  organic  to  presumably  ionized 
iodine  was  1.85.  Such  figures  for  iodide  represent  merely  the  total 
mass  of  tissue,  and  neglect  the  possibility  that  some  of  the  diffusible 
iodine  might  not  be  iodide;  they  represent,  therefore,  maximal  pos¬ 
sible  values.  In  the  thyroid  itself,  relatively  little  inorganic  iodide  is 
found,  even  after  recent  administration  of  iodide  to  the  organism,220 
when  it  may  reach  10  per  cent  of  the  total  thyroidal  iodine,  only  to 
disappear  rapidly  after  the  medication  is  assimilated. 

Naturally  Occurring  Organic  Iodine  Compounds.  The  other  chemi¬ 
cal  combinations  of  iodine  are  iodinated  tyrosine  and  iodinated 
thyronine.  When  elementary  iodine  is  fed,  as  in  liquor  iodi  com- 
positus,  U.  S.  P.,  it  is  soon  changed  in  the  gastrointestinal  tract  either 
into  inorganic  iodide  or  possibly,  by  combination  with  protein  split 
products,  into  diiodotyrosine.  Likewise,  the  iodine-poor  human  thy¬ 
roid  fixes  circulating  inorganic  iodide  in  the  form  of  diiodotyrosine 
soon  after  its  administration.210  Recently  Hertz,  Roberts,  Means, 
and  Evans241  have  studied  the  fixation  of  radioactive  iodine  and 
have  found  that  the  process  may  be  nearly  complete  within  fifteen 
minutes  after  a  single  dose,  given  intravenously.  Subsequently, 
iodine  is  found  in  the  form  of  tetraiodothyronine  (i.e.,  thyroxine)! 
Whether  the  intermediary  stage,  diiodothyronine,  is  present  in  the 
thyroid  gland  is  still  unknown. 


Studies  of  artificially  iodinated  proteins  421- 37  suggest  that  other 
iodine  compounds  should  be  looked  for  in  mammalian  tissues  In¬ 
deed,  monoiodotyrosine  has  been  described  344  in  hydrolysates  of 
iodinated  cgsem.  Likewise,  Bauer  and  Strauss  36  found  evidence  of 
lodohistidine  (both  the  mono-  and  diiodo  compounds).  From  the 
standpoint  of  chemical  evolution,  it  should  be  noted  that  diiodo- 
yrosine  (  10  ogorgonic  acid”)  occurs  in  sponges  and  in  “corals  ”  125 
The  origin  of  thyroxine  in  the  evolutionary  scale  still  remains  to  be 
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studied  carefully,*  but  much  is  known  about  its  chemical  genesis,  as 
indicated  in  the  next  chapter. 

Thyroid  Reserve 

By  microdissection  methods,  fresh  thyroid  follicles  may  be 
“teased’’  apart  and  from  them  the  intrafollicular  colloid  may  be 
withdrawn  as  a  viscid,  colorless,  albuminous  liquid.459  The  crude 
colloid  in  the  follicle  is  adulterated  with  varying  amounts  of  nucleo- 
protein.sl  This  intrafollicular  nucleoprotein,  however,  has  no  known 
physiological  function  and  is  thought  to  originate  from  disintegrating 
or  secreting  cells  of  the  follicular  wall. 

In  addition,  Williamson,  Pearse,  and  Cunnington  576  have  found 
evidence  that  two  types  of  colloid  can  be  isolated  from  the  same 
gland.  They  used  the  technique  of  Tatum  and  of  van  Dyke,  as 
described  below.  In  this  way  they  were  able  to  separate  colloid  from 
different  parts  of  the  same  piece  of  tissue,  and  to  test  this  separated 
colloid  by  analysis  of  its  iodine  content  and  by  bio-assay  of  its 
activity  in  producing  metamorphosis  of  tadpoles.  Thus  they  showed 
that  portions  of  the  gland  which  are  commonly  termed  “inactive” 
apparently  produce  a  secretion  which  is  different  from  that  found 
in  follicles  ordinarily  termed  “hyperplastic.”  Surprisingly  enough, 
the  “inactive”  secretion,  so-called,  contained  an  abundance  of  iodine 
and,  when  added  to  water  in  which  tadpoles  were  living,  produced 
a  rapid  shrinking  of  the  animals’  tails  and  development  of  the  limb 
buds.  On  the  contrary,  the  colloid  obtained  from  “secreting”  tissue, 
so-called,  showed  very  little  iodine  and  essentially  no  activity  by  the 
tadpole  test.  From  a  pathological  standpoint  this  finding  is  rather 
alarming,  because  it  throws  considerable  doubt  upon  the  ability  of 
the  routine  pathologist  to  estimate  pre-existing  function  of  the  gland 
under  scrutiny  by  careful  microscopic  examination.  From  a  chem¬ 
ical  standpoint  the  results  could  be  interpreted  in  at  least  two  ways: 
first,  hyperplastic  tissue  might  conceivably  “secrete  ’  uniodinated 
protein  which  would  subsequently  be  converted  into  active  hormone 
during  its  stay  within  the  follicle;  or,  secondly,  perhaps  follicles 
which  are  rapidly  producing  hormone  for  the  general  circulation 

*  “The  now  known  endocrine  glands,  with  the  single  exception  of  the  gonads, 
which  far  antedate  all  other  members  of  the  series,  begin  to  appear  in  the  third  class, 
the  leptocardii;  and  in  the  eighth  class,  the  amphibia,  the  series  is  complete..  This 
corresponds  roughly  to  the  early  primary  era  from  the  beginning  of  theJDrdovician  up 
through  the  Silurian  and  Devonian  to  the  early  Carboniferous  epoch.” 209 
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abstract  iodine  from  their  stored  colloid,  thus  leaving  deiodinated 
protein  behind.  At  present  there  is  no  good  way  of  distinguishing 
between  these  two  possibilities,  but  the  problem  urgently  requires 
further  investigation  because  of  its  physiological  and  pathological 


importance. 

Years  ago,  Tatum,536  and  later  van  Dyke  657  introduced  a  tech¬ 
nique  for  separating  the  stored  colloid  from  the  parenchyma  of  the 
gland.  In  brief,  this  consisted  in  making  sections  of  the  frozen  gland 
which  were  thin  enough  so  that  the  central  plugs  of  thyroglobulin 
could  be  dissolved  out  or  floated  out.  The  framework  of  parenchymal 
tissue,  including  both  the  stroma  and  the  lining  of  follicular  cells, 
could  then  be  removed  grossly  and  the  gland  could  thus  be  separated 
into  (a)  a  cellular  mass  and  (b)  a  solution  of  thyroid  colloid.  By  this 
method  van  Dyke  557  was  able  to  demonstrate  that  the  parenchyma 
contained  a  definite  amount  of  iodine,  although  the  bulk  of  the  iodine 
was  present  in  the  form  of  colloid.  The  ratio  of  colloid  iodine  to 
parenchymal  iodine  was  roughly  six  to  one. 

When  this  technique  was  applied  to  human  goiters  there  was  a 
greater  variation  in  the  distribution  of  iodine,  as  shown  in  Table  i. 
Nevertheless,  the  variability  in  ratio  was  much  smaller  than  the 
variability  in  total  iodine  content  of  these  glands.  In  short,  goitrous 
enlargement  seems  not  to  involve  any  unusual  upset  in  the  distribu¬ 
tion  of  iodine  between  cells  and  follicular  lacunae. 


If  one  supposes,  however,  that  the  connective  tissue  stroma,  in¬ 
cluding  nerves,  blood  vessels,  and  lymphatics,  is  relatively  low  in 
iodine,  it  seems  not  impossible  that  the  thin  layer  of  follicular  thy¬ 
roid  cells,  i.e.,  the  true  parenchyma  of  the  gland,  is  very  rich  in 
iodine.  Indeed,  Uhlenhuth,554  Sevringhaus,505  and  others  have  dem¬ 
onstrated  droplets  of  colloid-like  material  forming  within  the  cells 
prior  to  secretion  into  the  follicle,  much  as  mucin  can  be  seen  ac¬ 
cumulating  in  the  goblet  cells  of  the  respiratory  tract.  Furthermore, 
Williams  j7j  has  described  recently  the  removal  of  colloid  from  the 
follicle  as  a  cellular  phenomenon.  He  observed  isolated  follicles  over 
a  period  of  many  hours,  making  serial  observations  on  each  of  these 
small.  units.  He  found  that  not  all  of  the  follicles  were  active  at 
one  time,  just  as  only  certain  of  the  renal  glomeruli  operate  at  the 
same  time.  While  operative,  however,  the  follicular  membrane 
seemed  to  invaginate  a  small  droplet  of  colloid  at  the  edge  of  the 
o  icle,  then  to  wall  it  off  by  a  protoplasmic  bridge,  and  eventually 


TABLE  1 

Quantitative  Determination  of  Iodine  in  Whole  Gland  and  in  Cells 
Free  from  Colloid  Material  of  Human  Thyroid  Glands 
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*  Duplicate  determinations  made, 
t  No  histological  examination. 

From:  H.  B.  van  Dyke,  J.  Biol.  Chem.  45:  330.  1920-1. 
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to  release  it  into  a  capillary  on  the  outside  of  the  follicular  wall  by 
rupture  of  the  thinned-out  protoplasmic  wall  behind  the  droplet.  If 
this  mechanism  be  the  true  one,  then  the  follicular  lining  will  be 
high  in  iodine,  both  because  of  hormone  which  is  being  manufac¬ 
tured  within  the  cells  and  because  of  colloid  which  is  being  passed 
backwards  from  the  stored  central  reserve  into  the  circulation.  In 
other  words,  the  six  to  one  ratio  observed  by  Tatum  and  by  van 
Dyke  557  may  represent  simply  the  relative  mass  of  the  follicular 
thyroid  cells  to  the  stroma. 

It  will  be  noted  in  the  next  chapter  that  this  general  type  of 
separation  has  been  utilized  in  the  preparation  of  the  very  pure 
samples  of  thyroglobulin  studied  by  physical  chemists  in  recent  times. 
It  affords  an  excellent  opportunity  to  make  observations  upon  the 
stored  hormone,  apart  from  the  manufacturing  cells.  It  would  be 
of  great  interest,  however,  to  develop  this  technique  further  by 
micromethods  of  both  mechanical  and  chemical  character  so  that 
the  follicular  cells  might  be  studied  from  the  standpoint  of  their 
iodine  content  and  the  type  of  iodine  compounds  which  they  contain 
at  various  stages  of  functional  activity.  Very  recently  Logan, 
VanderLaan  and  VanderLaan 341  have  studied  the  distribution  of 
water  and  electrolyte  between  cells  and  colloid.  These  authors  have 
demonstrated  a  marked  change  from  the  normal  status  under  the 
influence  of  thyrotropic  hormone.  Their  findings  are  described 
briefly  in  Chapter  VI. 


Numerous  observations  upon  the  iodine  content  of  various  types 
of  thyroid  have  been  made  since  the  time  of  Baumann.39  In  Table  2 
are  reproduced  a  few  representative  examples  of  his  classical  figures, 
both  for  human  thyroids  and  goiters  in  clinical  cases. 

The  iodine  in  the  normal  thyroglobulin,  as  well  as  in  the  whole 
tissue,  may  vary  considerably,  depending  largely  upon  the  supply  of 
iodine  available  to  the  animal  donor.  In  thyroglobulin  prepared 
from  the  glands  of  Argentine  sheep  by  the  author,  for  example,  the 
partially  purified,  heat-coagulated  protein  contained  over  1.2' per 
cent  iodine,  of  which  over  60  per  cent  was  apparent  thyroxine.  By 
contrast,  average  human  thyroglobulin  in  Boston  contained  0.22 
per  cent  iodine,  of  which  only  25  per  cent  was  thyroxine-like. 

In  regions  where  goiter  develops  because  the  iodine  supply  of  the 
fo°d  a"d  water  is  low,  there  may  be  almost  no  iodine  in  a  very  large 
gland.  When  such  an  individual  or  animal  is  given  an  excess  of 
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iodide,  however,  the  iodine  content  in  the  gland  may  increase  very 
rapidly,  as  shown  in  Baumann’s  40  old  data  and  confirmed  by  many 
investigators  since.300- 577  Even  when  iodine  supply  is  more  than 
adequate  throughout  the  general  community,  a  person  suffering  from 
exophthalmic  goiter  may  lose  most  of  the  iodine  in  the  gland  be¬ 
cause  of  a  relative  iodine  lack.  When  such  an  individual  is  treated 
with  the  relatively  huge  doses  now  in  vogue  in  modern  clinics,  the 

TABLE  2 


Iodine  Content  of  Human  Thyroids  and  Goiters 


No. 

Age 

(years) 

Cause  of  death 

Dry  weight 
of  thyroid 

Iodine  Content  in 
Milligrams 

Per  gram  In 

dried  entire 

substance  gland 

I 

24 

Pulmonary  tuberculosis 

21 

0.30 

6-3 

2 

34 

Puerperal  sepsis 

24 

0.07 

i-7 

3 

44 

Miliary  tuberculosis 

24 

0.12 

2.7 

4 

49 

Nephritis 

26 

0.7 

1.8 

5 

61 

Cancer  of  stomach  and  liver 

58 

6 

62 

Fatty  heart 

24 

Trace 

7 

66 

Senile  marasmus 

23 

Trace 

8 

67 

Osteomalacia 

44 

0.1 

4-4 

9 

70 

Emphysema 

23 

0.3 

6.9 

10 

63 

Emphysema 

80 

0.05 

4.0 

Weight  in  grams 

Fresh  Dry 

11 

Freshly 

extirpated  colloid  goiter 

2  20  40 

0.07 

2.8 

12 

Freshly  extirpated  colloid  goiter 

165  42 

0.02 

0.84 

Average 

0.09 

2.6 

From:  E.  Baumann,  Ztschr.  f.  physiol.  Chem.  22:  9.  1896-7. 


iodine  content  of  the  gland  may  increase  over  twentyfold  within 
two  weeks. 

In  the  next  chapter  it  will  be  shown  that  usually  the  thyroxine 
fraction  within  the  gland  disappears  in  greater  proportion  than  does 
the  total  iodine.  Indeed,  in  a  huge  colloid  goiter  furnished  the  author 
by  Dr.  F.  A.  Coller  of  Michigan,  the  total  iodine  in  the  thyroid  pro¬ 
tein  was  only  0.006  per  cent  and  the  thyroxine  fraction  thereof  was 
essentially  nil.  Such  material  is  of  little  value  as  a  hormone,  as 
proved  by  tests  in  animals  or  patients.469  Although  it  has  been  sug¬ 
gested  that  ordinarily  thyroxine  is  only  lightly  bound  to  this  colloid 
vehicle,201  it  seems  clear  that  1-thyroxine  is  liberated  from  firm  union 
in  the  peptide  chain  by  the  action  of  proteolytic  enzymes.-  In 
normal  thyroglobulin,  both  the  diiodotyrosine  and  the  thyroxine  are 
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in  the  1-configuration.228, 229  It  remains  to  be  seen  whether  the  pro¬ 
tein  of  thyroid  cancer  contains  the  d-  forms,  as  suggested  by  the 
work  of  Kogl  and  Erxleben.291  The  latest  evidence  seems  not  to  favor 

this  possibility. 

Fetal  Thyroid.  Even  the  thyroid  of  the  fetus  reflects  the  general 
availability  of  iodine  in  the  environment.  Thus  thyroids  in  fetuses 
of  cretinoid  mothers  which  abort  are  nearly  iodine-free.  Likewise, 
the  glands  of  hairless  pigs  produced  experimentally  571  by  depriving 
brood  sows  of  iodine  (or  by  withholding  auxiliary  iodine  feeding  in 
an  endemic  goiter  district)  are  poor  in  iodine  when  analyzed.  Early 
in  fetal  life,  the  thyroid  fails  to  show  well  developed  follicular  spaces 
and  consists  merely  of  massed  alveolar  groups  or  cords  of  follicular 
cells  distinguished  by  only  a  small  central  lumen  at  best.  When  the 
mother  is  well  supplied  with  iodine,  however,  these  fetal  thyroids 
contain  an  abundance  of  iodine.  This  chemical  evidence  is  of  interest 
in  connection  with  the  distribution  between  iodine  and  cells  already 
mentioned  in  the  work  of  Tatum  and  of  van  Dyke.557 

Maurer 371  analyzed  the  thyroids  of  human  fetuses  from  the 
seventh  to  the  ninth  month.  His  findings  ranged  from  37  to  1400 
gamma  per  cent  of  fresh  tissue.  This  material  apparently  represented 
in  part  active  hormone  which  might  supplement  the  maternal  supply. 
Indeed,  it  has  long  been  known  that  pregnant  bitches  may  be  thy- 
roidectomized  and  continue  healthy  until  after  delivery.  It  is  clear, 
too,  from  the  work  of  Hudson  257  that  the  maternal  supply  of  in¬ 
gested  iodide  may  pass  through  the  placental  circulation  to  the  fetal 
thyroid.  The  data  in  Table  3  indicate  also  that  under  such  external 
treatment  with  iodide  the  iodine  concentration  in  the  fetal  gland 
may  increase  to  more  than  twice  its  natural  value  (which  averages 
13  gamma  per  cent),  although  it  soon  reaches  a  limiting  concentra- 
tion.  Marine  and  Lenhart  studied  the  thyroids  of  puppies  at  birth 
in  a  region  naturally  poor  in  iodine.  Unless  the  mothers  were 
supplied  with  extra  iodide  during  gestation  the  glands  of  the  off¬ 
spring  contained  almost  no  iodine.  On  the  other  hand,  when  artificial 
sources  of  iodine  augmented  the  maternal  intake  in  the  latter  weeks 
O  pregnancy,  the  young  had  considerable  amounts  of  thyroid  iodine 
Under  similar  circumstances  iodine  may  be  detected  also  in  the  urine 
of  the  newborn  child,  as  well  as  in  the  amniotic  fluid. 

odine  appears  in  fetal  pig  and  sheep  thyroid  between  the  second 
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the  fetal  human  thyroid  constantly  contains  iodine.  The  total  iodine 
present  in  human  tissue  from  the  third  to  the  ninth  month  varies 
from  i  to  19  micrograms.  The  concentration  in  dried  tissue  is 
2  to  21  mg.  per  cent.  In  fresh  tissue  this  probably  amounts  to  from 
0.18  to  4.6  mg.  per  cent,  although  Lelkes  found  lower  values,  i.e., 
from  0.5  to  152  gamma  per  gram.  At  least  part  of  this  iodine  is  al¬ 
ready  present  in  active  form.  Hogben  and  Crew  (1923)  obtained  a 
positive  Gudernatsch  test,  and  Hektoen  and  Schulhof  (1925)  a 
positive  precipitin  test  for  thyroglobulin.  Likewise,  Elmer  and 


TABLE  3 

Amount  of  Iodine  Absorbed  by  the  Maternal  and  Fetal 

Thyroid  in  Rabbits 


Daily  amount 
of  KI  in  mg. 

given  to 
experimental 
mother 

I  in  7  Per  100 

Mg.  of  Thyroid 

Mothers 

Fetuses 

Control 

Experimental 

Control 

Experimental 

20 

7 

34 

12 

22 

20 

12 

26 

14 

24 

100 

14 

75 

13 

22 

100 

8 

101 

14 

26 

100 

12 

142 

15 

27 

100 

13 

142 

14 

27 

IOO 

9 

136 

10 

29 

200 

13 

165 

9 

29 

Mean 

11.0 

103 

12.6 

25-7 

After:  G.  E.  Hudson,  J.A.M.A.  07:  1515.  1931. 


Scheps,156  by  chemical  analysis,  found  a  thyroxine-like  fraction  in 
about  the  same  proportion  of  the  total  iodine  as  in  the  protein  of 
the  adult.  Indeed,  thyroidectomized  bitches  have  remained  healthy 
while  pregnant  but  later  developed  severe  “cachexia  strumipriva,” 
the  beginning  of  which  could  be  detected  a  few  days  after  delivery. 
The  marked  hyperplasia  of  the  fetal  thyroid  under  such  circum¬ 
stances  indicates  also  that  the  mother  is  receiving  fetal  hormone 

through  the  placental  circulation. 

Newborn  babies  contain  from  2.4  to  48  gamma  of  thyroidal  iodine 
in  percentage  varying  from  2.3  to  145°  gamma  per  cent  of  fresh 
tissue,  whereas  the  other  tissues  contain  only  from  12  to  46  gamma 
per  cent.  In  hogs  Fenger  (1912)  found,  in  per  cent  (fat  free),  0.11 
to  0.32,  and  Smith  (1917)  0.064  to  0.236  (dry);  in  sheep  Fenger 
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found  0.09  to  0.36.  The  ratio  of  thyroxine-like  to  total  iodine  is 
the  same  as  in  the  adult.  The  thyroidal  iodine  increases  in  total 
amount  from  birth  to  puberty,  at  which  stage  it  increases  rapidly. 
It  reaches  a  maximum  at  about  the  twentieth  year.  After  the  fiftieth 
year  it  begins  to  decline.  Characteristic  percentages  for  human  tissue 


TABLE  4 

Iodine  Partition  of  Thyroid  Glands  of  Normal  Individuals 


Gland 

no. 

Dry 

weight 

Iodine  Per  Gram  Dry  Gland 

Thyrox-  Inor- 

Total  ine  ganic 

Thyrox¬ 
ine  I  per 
cent  of 
total 
organic  I 

Histology 

1 

gm. 

6.21 

mg. 

0-57 

mg. 

O.II 

mg. 

0.06 

21.6 

Early  involution 

2 

3 -5 1 

0.84 

0.20 

0.10 

27.O 

Normal,  connective 

3 

3-74 

I.07 

0.22 

0.07 

22.0 

tissue  increased 

Normal 

4 

4.24 

1. 16 

0.26 

0.05 

23-4 

Normal,  early  invo- 

5 

3-74 

I.32 

0.17 

0.07 

13.6 

lution 

Early  hyperplasia 

6 

9-13 

1.56 

0.30 

0.08 

20.3 

Normal,  connective 

7 

4.27 

1.65 

0.26 

0.08 

16.6 

tissue  increased 

Early  involution,  baso- 

8 

2.70 

I.70 

0.24 

0.07 

14-7 

philic  colloid 

Early  involution 

9 

7-93 

I.71 

0-43 

0.10 

26.7 

Normal  resting  gland 

10 

3.02 

i-73 

0.40 

0.32 

28.4 

Normal  resting  gland 

11 

3.08 

1.82 

0-57 

O.II 

33-2 

Early  involution 

12 

8.22 

1.85 

0.50 

0.07 

28.1 

Normal  resting  gland 

13 

8.88 

2.28 

0.49 

0.13 

22.8 

Normal 

14 

5.18 

2.28 

0.62 

0.10 

28.4 

Normal 

15 

6.78 

2-55 

0.65 

0.2s 

28.3 

Normal  resting  gland 

16 

3-97 

2.72 

0.90 

0.10 

34-3 

Normal  resting  gland 

17 

3-34 

2.82 

0.97 

0.09 

35-5 

Normal  resting  gland 

18 

4.98 

2.83 

0.67 

0.32 

26.7 

Normal 

19 

4-05 

3-86 

1 .2 1 

0.18 

32.9 

Normal  resting  gland 

20 

4.08 

4-3i 

1.38 

0.20 

33-6 

Normal  resting  gland 

From: 

1932. 

A.  B.  Gutman,  E.  M. 

Benedict,  B. 

Baxter,  and 

W.  W.  Palmer,  J.  Biol.  Chem.  07:  319. 

are  given  by  Glimm  and  Isenbruch.199  In  the  first  year  24  mg. 
per  cent,  in  the  first  decade  25,  in  the  second  decade  42,  in  middle 
life  29,  after  the  sixtieth  year  36  mg.  per  cent.  In  old  age  a  hyper¬ 
functioning  thyroid  may  compensate  for  a  decline  in  other  functions. 

The  adult  thyroid  contains  20  per  cent  of  all  the  iodine  in  the 
body,  even  though  its  average  weight  is  only  about  20  grams.  Never- 
t  eless,  over  half  the  total  of  the  iodine  in  the  body  is  found  in  the 
great  mass  of  skeletal  muscle,  which  contains  about  13  mg.529  The 
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iodine  content  of  the  thyroid  tends  to  increase  after  birth,  reaching 
a  maximum  at  about  forty  years  of  age.  As  shown  by  Gutman, 
Benedict,  Baxter,  and  Palmer,210  the  average  total  weight  of  normal 
thyroids  in  New  York  was  about  25  grams  of  fresh  tissue,  or  5 
grams  of  dry  substance,  containing  8.85  mg.  of  iodine.  Even  in  these 
so-called  normal  organs,  there  was  a  considerable  range  of  concen¬ 
tration,  i.e.,  from  0.05  to  0.45  per  cent  of  dried  gland,  averaging 
0.186  per  cent,  as  shown  in  Table  4  and  Figure  1.  These  analyses 
were  made  with  thyroids  from  individuals  not  treated  with  io¬ 
dine. 

The  actual  mass  of  the  thyroid  in  middle  age  varies  in  different 
localities.  In  Zurich  Plerzfeld  and  Klinger  found  50  grams  and 
Oswald  (1902)  95  grams.  In  Lwow  Elmer  and  Salzer  (1935)  found 


TABLE  5 

Iodine  Content  of  Normal  Human  Thyroids 


Author 


Country 


Number  of 

glands 

examined 


Iodine  in  terms 

of  dried  gland 

% 


1930. 


Zunz .  Belgium 

Pellegrini  .  Italy 

Jolin  .  Sweden 

Wells  .  U  S. 

Marine  .  U.  S. 

.  ...  0.182 

Average  . . . 

From:  L.  Dautrebande.  Physiopathologie  de  la  thyrolde.  Congres  francs  de  medeane.  2 


56 

III 

108 

108 

23 


0.229 

O.IOO 

0.156 

0.210 

0.217 


1 :  62. 


30  grams  on  the  average;  in  Munich  Jansen  and  Robert  (1927) 
reported  about  30  grams;  in  Oslo  Lunde,  Closs,  and  Wulfert 
found  23  grams.  Of  course  the  weight  vanes  with  the  degree  0 
hyperplasia  and  retention  of  colloid,  even  in  apparently  normal 

'"Although  the  iodine  content  of  various  localities  throughout  the 
world  varies  widely,  as  shown  by  McClendon,3”  the  average  conten 
of  dried  glands  from  various  parts  of  the  world  is  not  very  different 
from  that  required  by  the  United  States  Pharmacopeia  for  thyro idea 
sicca,  i.e.,  close  to  0.2  per  cent.  This  fact  is  ^illustrated  in  Table  5 

bv  the  comparative  data  from  Dautrebande. 

Yt  is  not  known  definitely  in  what  chemical  form  the  hormone  is 
released  from  the  colloid  stored  in  the  follicle.  By  enzymic  hydrol- 
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Fig  i  The  average  total  iodine,  “T”  iodine,  and  inorganic  iodine  in  human  thyroids 
rom  (a)  euthyroid  individuals,  ( b )  hyperthyroid  patients  not  treated  with  iodine,  and 
f  T  fPeJ  patlcnts  treated  with  iodine.  Data  marked  A  is  derived  from  work 
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ysis  Harington  and  Salter  229  obtained  a  peptide  preparation  of  thy¬ 
roxine  which  was  assayed  in  human  myxedema  by  Salter,  Lerman, 
and  Means.472  Its  greater  solubility  suggested  that  it  might  resem¬ 
ble  the  true  circulating  hormone.  Further  assays  suggested  that  the 
remaining  non-thyroxine  iodine  in  thyroid  protein  also  contributed  to 
its  potency  in  human  myxedema.  Harington 221  summarized  this 
paradox  by  suggesting  that  the  active  thyroid  secretion  consists  of  a 
peptide  chain  containing  both  thyroxine  and  other  amino-acids,  in¬ 
cluding  diiodotyrosine.  This  problem  is  interesting  from  a  thera¬ 
peutic  standpoint  and  will  be  discussed  further  in  Chapter  V. 

Other  Tissues 

Not  much  is  known  about  the  state  of  the  organically  bound  iodine 
in  other  tissues.  There  is  a  thyroxine-like  fraction,  “T,”  in  the 
blood,149  and  probably  also  a  diiodotyrosine-like  fraction,  “D.”  549 
Neither  of  these  fractions  is  supported  by  a  positive  chemical  iden¬ 
tification,  although  the  “T”  fraction  has  been  confirmed  by  bio¬ 
assay.583 

Direct  attempts  to  isolate  thyroxine  from  tissues  at  the  present  time 
are  complicated  not  merely  by  difficulties  in  technical  manipulation, 
but  also  by  a  more  fundamental  and,  at  present,  surprising  difficulty. 
This  complication  may  be  summarized  as  follows: 

In  recent  years  it  has  been  found  that  such  a  nondescript  protein 
as  casein,  when  iodinated  and  subjected  to  alkaline  hydrolysis,  yields 
compounds  related  to  thyroxine.5’ 344, 471  Indeed,  even  unhydrolyzed 
serum  albumin,  after  iodination,  relieves  human  myxedema  in  clas¬ 
sical  fashion.321  The  method  of  isolation  involved  in  treating  these 
nondescript  proteins  is  quite  similar  to  that  for  isolating  thyroxine 
from  thyroid  protein.  Consequently,  the  recovery  of  thyroxine  from 
any  tissue  might  be  merely  the  result  of  an  artefact.  An  alternative 
interpretation  would  be  that  organically  bound  iodine  in  the  body  is 
always  in  thyroxine-like  form,  a  supposition  which  is  by  no  means 
suggested  by  the  classical  studies  of  artificial  iodoproteins.j2<  ’ 

Biological  considerations,  however,  indicate  obviously  that  some 
thvroxine  derivative  circulates  from  the  thyroid  to  the  tissues  by 
way  of  the  blood  stream.  Moreover,  hormonal  activity  has  been 
demonstrated  in  tissue.  Thus  Kommerell  292  fed.  muscle  meat  ob¬ 
tained  from  both  normal  and  myxedematous  animals.  The  latter 
flesh  failed  to  increase  oxygen  consumption  in  test  animals,  although 
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the  normal  flesh  did  so.  Likewise,  tissue  extracts  have  been  studied 
from  the  standpoint  of  effect  on  metamorphosis."  Thus  Zawadow- 
sky  and  Perlmutter  585  have  used  the  metamorphosis  of  axolotl 
to  amblystoma  to  detect  the  presence  of  thyroid  hormone.  This  bio¬ 
logical  phenomenon  occurs  completely  with  as  small  a  dose  of  thy¬ 
roxine  as  io  gamma  per  io  grams  of  body  weight.  Accordingly,  when 
iodine  concentration  is  rigidly  controlled,  the  confusing  effects  of 
other  iodine  compounds  can  often  be  excluded.  When  this  test  is 
performed  carefully,  therefore,  it  is  more  specific  than  the  Guder- 
natsch  208  tadpole  method  or  Uhlenhuth’s  procedure,554  and  offers 
greater  hope  for  detecting  thyroidal  activity  in  tissue  extracts  or  in 
body  fluids.  By  this  method,  for  example,  Zawadowsky  and 
Asimoff  584  were  able  to  demonstrate  increased  hormonal  activity 
of  the  liver,  kidney  and  blood  serum  in  guinea  pigs  which  had 
received  thyroid  preparation  about  six  hours  previously. 

Unfortunately,  such  attempts  to  estimate  concentrations  of  hor¬ 
mone  are  at  present  in  the  pioneer  stage.  Improved  micromethods 
for  detecting  thyroid  hormone  in  blood  and  other  tissues  are  badly 
needed. 

Pituitary.  The  total  iodine  concentration  of  the  fresh  mammalian 
anterior  pituitary  is  about  8o  to  190  gamma  per  cent,87  and  of  fresh 
human  (whole)  pituitaries  about  80  gamma  per  cent  iodine,  or  490 
gamma  per  cent  of  dried  substance.529  In  commercial  desiccated 
anterior  pituitary  powder,  between  50  and  87  per  cent  of  the  total 
iodine  is  in  organic  combination.87  The  pituitary  protein,  or  “col¬ 
loid,”  contains  about  1.3  mg.  per  cent  iodine.411  This  protein  merits 
further  study  because  it  is  said  that  the  “colloid”  is  secreted  into 
the  venous  circulation  of  the  pituitary.  Furthermore,  the  high  con¬ 
centration  per  se,  if  verified,  must  have  a  peculiar  significance. 
Baumann  and  Metzger  41  recently  have  obtained  lower  results  which 
they  explain  as  due  to  improved  analytical  technique.  This  question 
is  discussed  further  in  Chapter  VIII. 


The  posterior  lobe  of  the  hypophysis  is  low  in  iodine,  containing 
only  40  gamma  per  cent  in  desiccated  tissue.295  This  fact  su^ests 
that  it  does  not  participate  directly  in  iodine  metabolism.  Indeed 

ST  l  rr0t7  n,°  hiSt°'°gical  changes  *PPear  in  the  poster^ 
middle  °  are  characteristic  “  the  anterior  and 


Brain  Tissue.  Despite  contradictory  reports,343 


the  iodine  concen- 
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tration  in  the  diencephalon  *  probably  attains  much  higher  values 
than  in  other  portions  of  the  cerebrum,  i.e.,  between  347  and  708 
gamma  per  cent.495, 439  More  work  is  needed  to  decide  whether  the 
diencephalon  specifically  concentrates  this  iodine  from  the  blood  or 
gets  it  indirectly  from  the  pituitary.  Likewise,  it  remains  to  be  de¬ 
cided  whether  the  tuber  cinereum  and  surrounding  regions  really 
do  absorb  thyroid  hormone  selectively.  Schittenhelm  and  Eisler,496 
as  well  as  Pighini,439  say  yes.  Sturm  and  Schneeberg  53,1  and  Lohr 
and  Wilmanns  say  no.  Meantime,  it  must  be  confessed  that  certain 
positive  evidence  is  highly  suggestive.  For  example,  within  a  few 
weeks  after  hypophysectomy,  the  naturally  high  concentration  of 
the  tuber  cinereum  drops  to  14  gamma  per  cent.528  Conversely,  after 
large  doses  of  “thyroidin”  +  the  iodine  concentration  in  the  pituitary 
may  rise  to  2400  gamma  per  cent  and  that  in  the  tuber  cinereum  to 
564  gamma  per  cent.343  Furthermore,  injections  of  anterior  pituitary 
may  increase  the  interbrain  iodine  from  666  to  2690  gamma  per 
cent.439  Further  details  are  given  in  Chapter  VIII. 

The  Adrenal.  The  dried  adrenal  cortex  of  beef  contains  from  26 
to  66  gamma  per  cent  of  iodine,  whereas  the  dried  medulla  has  only 
16  to  20  gamma  per  cent.15'  Since  the  mass  of  the  cortex  is  greater 
than  the  medullary  tissue,  the  cortex  of  one  average  ox  adrenal  con¬ 
tains  from  0.7  to  0.8  microgram  as  against  0.2  to  0.3  microgram  in 
the  medulla.  Thus  the  whole  adrenal  (weighing  10  or  12  grams) 
contains  about  1  microgram  of  iodine.  Surprisingly  enough,  there 
seems  to  be  no  appreciable  “thyroxine-like”  material  in  either  part 
of  the  ox  gland,157  when  analyzed  by  Leland  and  Foster’s  3 10  method. 
Apparently  not  all  members  of  the  sympathetic  system  accumulate 
thyroxine-like  stores!  Smaller  animals  have  proportionately  more 
adrenal  iodine.  Representative  values  are,  for  the  dog,  4  gamma 
to  5  gamma  529  per  single  gland;  for  the  guinea  pig,  0.1  gamma  for 
both  glands167  at  a  concentration  of  18  gamma  per  cent  in  fres 

tissue  * 

Gonads.  The  ovaries  rank  third  among  the  tissues  of  the  body  with 

respect  to  iodine  concentration.  In  women  the  iodine  content  ranges 


*  The  casual  reader  of  the  general  literature  is  likely  to  be  conf ^meant^ie  the 
widespread  use  of  the  term  “midbrain”  when  the  d,encephalon  rs  meant,  r.e„ 

hyPr“in”  is  essentially  a  peptone  derived  from 

iodine  organically  bound  both  in  the  form  of  thyroxine  and  of  duodotyrosme. 
term  usually  refers  to  desiccated  thyroid  or  thyroid  extract. 
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from  30  to  160  gamma  per  cent  of  fresh  tissue;  it  may  be  as  high  as 
741  gamma  per  cent.529’375  In  the  fresh  ovaries  of  animals  it  ranges 
from  60  to  2150  gamma  per  cent  for  rabbits/' 4  as  high  as  340  gamma 
per  cent  for  guinea  pigs,529  and  from  104  to  161  gamma  per  cent  for 
dogs.  In  human  newborn  it  is  lower,  averaging  138  gamma  per  cent; 


TABLE  6 

Iodine  in  Various  Tissues 


Sturm  and 

Maurer  and 

Sturm  51J0 

Buchholz 

629 

Ducrue  374 

Man 

Dog 

Rabbit 

Organ 

7  % 

Abs. 

7  % 

Abs. 

7  % 

Thyroid  . 

29400- 

10234- 

8500- 

170-580 

II70- 

29256 

5266 

19500 

33OOO 

Liver  . 

102-118 

1340-2030 

39-170 

107-1300 

00 

M 

1 

cs 

Skeletal  muscles  .  .  . 

30 

3000 

39-61 

1390 

Skeleton  . 

30 

3000 

17-22 

3°5 

•  • 

Skin  . 

150 

5250 

12-148 

179 

4-17 

Ovaries . 

30-160 

IO4-161 

60-2150 

Testicles  . 

165 

33 

25-54 

4 

Pituitary  . 

80 

.  . 

Epiphysis . 

120 

.  . 

Parathyroids . 

38s 

.  . 

Adrenals  . 

296-393 

33-38 

187-530 

5 

Pancreas  . 

44 

29 

41-65 

6-8 

Thymus  . 

46-57 

3 

Spleen  . 

335-429 

302-420 

53-136 

14-82 

26-160 

Submaxillary  gland 

550 

88 

12-94 

Kidneys  . 

20 

40 

18-37 

5-9 

4-51 

Lungs  . 

24 

144 

22-33 

23-26 

4-10 

Uterus  and  fallopian 

tubes  . 

Stomach . 

70-160 

Small  intestine  .... 
Colon  . 

35 

490 

12-31 

52 

20 

Heart  . 

Hypoderm . 

77-100 

23 

188-330 

3450 

32-75 

22-85 

9i 

9-30 

4 

4-49 

Brain  . 

Hair  . 

Fingernails . 

12 

133 

163 

400 

12-27 

9 

1-5 

8-53 

27 


ssfpp.  Bi-Z:  Elmer’  l0dine  Metab0,ism  and  Th>'roid  Function.  London.  1938.  Oxford  Univ. 


It  is  highest  during  the  child-bearing  period  and  declines  after  the 
menopause.  It  probably  varies  during  the  ovarian  cycle.246-78  In- 
deed  the  corpora  lutea  are  especially  rich  in  iodine.418  Next  to 
the  thyroid,  the  ovaries  of  dogs  receiving  iodine  trap  the  most 
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The  chemical  nature  of  the  ovarian  iodine  is  unknown.  Carter  78 
found  in  the  ripe  eggs  of  echinus  esculentus  a  substance  which  pro¬ 
duced  a  marked  effect  on  tadpoles.  This  problem  needs  further  study. 

Unlike  the  values  for  ovarian  iodine,  the  absolute  values  for  total 
testicular  iodine  are  small:  i.e.,  for  man  3.3  micrograms;  for  dog  4 
micrograms;  and  for  cattle  2  micrograms.167  The  male  gonad,  unlike 
ovary,  is  low  in  iodine,  e.g.,  from  7  to  10  gamma  per  cent  iodine  in 
fresh  dog  testicles,139,  p- 329  and  in  human  glands  1 7  gamma  per  cent.529 

Viscera.  Most  of  the  viscera  show  as  low  an  iodine  content  as 
skeletal  muscle  unless  material  containing  iodine  in  quantity  has 
been  administered  recently.  Thus  the  fresh  whole  pancreas  contains 
only  13  to  20  gamma  per  100  grams  of  fresh  tissue.138*  In  dogs, 
therefore,  the  corresponding  total  amount  of  pancreatic  iodine  is 
only  6  to  8  gamma.529  A  possible  exception  is  the  liver,  which  par¬ 
ticipates  specifically  in  the  metabolism  of  iodine  compounds,  as 
discussed  in  Chapter  IX.  The  liver  of  man  has  been  found  to  con¬ 
tain  from  520  to  2300  gamma,139,  p-  190  and  that  of  the  fasting  guinea 
pig  from  107  to  150  gamma.  Less  than  one-tenth  of  this  consists  in 
“thyroxine-like”  iodine,  i.e.,  200  gamma  per  cent  in  desiccated  liver 
substance,9  but  the  actual  nature  of  the  liver  iodine  is  not  known 
definitely. 

Synopsis.  Although  there  is  still  considerable  disparity  between 
the  analyses  given  by  various  investigators  for  the  iodine  in  tissues, 
it  is  of  some  interest  to  survey  relative  concentrations  published  by 
several  authors,  noting  that  these  undoubtedly  will  be  subject  to 
considerable  revision  within  the  next  decade.  Such  comparable 
values  are  shown  in  Table  6. 

Temporary  Iodine  Storage 

When  iodine  is  administered  from  an  external  source,  there  results 
a  temporary  state  of  metabolic  flux  which  alters  the  characteristic 
concentrations  just  described.  These  alterations  vary  with  the 

source  of  extra  iodine.  .  . 

Iodide.  The  fate  of  inorganic  iodide  after  absorption  depends  in 

part  on  the  dosage  used  and  on  the  physiological  state  of  the  re¬ 
cipient.  Maurer  and  Ducrue  374  gave  rabbits  to  gamma  iodine  per 
kilogram  in  this  form  and  analyzed  various  tissues  both  one  day  an 
four  days  later.  They  found  a  great  increase  in  the  thyroid  iodine, 

*  To  what  extent  the  islet  tissue  participates  in  the  total  is  unknown. 
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corroborating  the  classical  findings  of  Marine  352  in  the  iodine- 
hungry  dog.  The  liver,  skin,  and  lungs  showed  very  high  iodine 
contents  as  temporary  storage  depots,  but  after  four  days,  only  the 
heart,  kidneys,  and  lungs  remained  unusually  rich  in  iodine.'  In¬ 
creased  concentrations  have  been  found  temporarily  also  in  the 
stomach  and  parotid.326  Obviously,  the  organism  does  not  retain 
extra  iodide  long.  With  larger  doses  in  guinea  pigs,  the  thyroid  stores 
only  4  per  cent  of  the  extra  iodine  accumulated,  but  the  skin,  hair, 
muscles,  and  bones  store  iodine  for  many  days  at  a  high  concentra¬ 
tion.168  The  lungs  and  trachea  show  very  high  concentrations  tem¬ 
porarily,  but  soon  lose  the  extra  iodine  despite  the  fact  that  the 
expired  air  shows  no  increase  in  iodine  content.3'4 

Organic  Iodine  Compounds.  Simple  organic  iodine  compounds 
likewise  accumulate  in  the  skin.334  Furthermore,  after  three  weeks’ 
daily  administration,  iodotryptoflavin  is  stored  especially  in  the 
brain  and  kidneys.167  Experiments  with  diiodotyrosine  are  unsatis¬ 
factory  because  as  yet  there  is  no  micromethod  available  for  deter¬ 
mination  of  traces  of  this  compound. 

The  fate  of  thyroxine  derivatives,  however,  has  been  studied  both 
by  iodine  analysis  and  by  the  bio-assay  method  of  Zawadowsky  and 
Asimoff.584  Asimoff,  Estrin,  and  Miletzkaja  26  studied  the  effect  of 
a  single  dose  of  “thyroidin”  by  mouth  in  dogs  and  roosters.  They 
found  that  iodine  accumulated  in  the  thyroid,  kidneys,  liver,  blood, 
pancreas,  skin,  heart,  and  spleen.  Increased  iodine  is  found  likewise 
in  the  muscles  and  bones  of  the  rat  five  days  after  a  single  intravenous 
injection  of  thyroxine.297  Small  amounts  of  this  iodine  remain  stored 
for  a  long  time  in  the  animals’  tissues,  especially  in  the  liver,  muscles, 
thyroid,  and  skin.400  In  another  section  the  selective  accumulation 
of  thyroxine  iodine  by  the  hypophysis  has  been  discussed.530 
Whether  the  tuber  cinereum  shows  this  in  even  more  marked  de¬ 
gree  495  has  not  yet  been  decided. 

The  biological  method  of  Zawadowsky  has  yielded  interesting 
information  as  to  the  fate  of  thyroxine  derivatives  in  bodily  economy5 
Zawadowsky  and  Asimoff  584  fed  “thyroidin”  to  mammals  and  birds 
and  estimated  its  concentration  in  various  tissues  by  bio-assay.  Dur¬ 
ing  the  first  few  hours  the  hormone  is  trapped  in  the  liver  to  a  large 
extent.  Thereafter  it  increases  in  the  blood  plasma  and  in  the  kid- 


*  The  distribution  of  this  iodide  throughout  body  fluids  has 
and  Brodie,MS  as  discussed  in  Chapter  IV. 


been  studied  by  Wallace 
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neys.  After  twenty-four  hours  the  hormone  largely  disappears.  Birds 
appear  to  destroy  or  assimilate  the  hormone  less  rapidly  than 
mammals. 

Thyroidal  Trapping  of  Fresh  Iodine.  It  is  not  clear  that  inorganic 
iodide  is  present  in  the  thyroid  of  a  normal  animal  receiving  no 
iodine.  At  most  it  might  be  io  per  cent  of  the  total  present.227 
Elmer  138  found  that  it  might  amount  to  from  0.36  to  0.63  mg.  in  the 
whole  thyroid,  or  from  2.7  to  9.8  mg.  per  cent  in  dried  tissue.  How¬ 
ever,  the  present  technical  methods  yield  rather  different  answers 
for  inorganic  iodide,  depending  upon  the  treatment  which  the  gland 
receives.  In  extracts  of  fresh  sheep  glands  the  author  found  well 
over  90  per  cent  of  the  soluble  iodine  to  be  heat-coagulable. 

Immediately  after  the  administration  of  therapeutic  doses  of 
iodine  to  the  intact  organism  the  thyroid  (unless  previously  satiated) 
traps  a  considerable  portion  of  the  iodine  within  a  few  hours.  At 
this  stage,  inorganic  iodide  may  account  for  over  30  per  cent  of  the 
trapped  iodine.  This  inorganic  moiety,  however,  is  largely  converted 
into  organic  form  in  a  day  or  two.301  This  process  has  been  studied 
recently  by  Hertz  and  Roberts  241  who  used  radioactive  iodine,  as 
described  in  Chapter  X. 

Of  the  total  iodine,  then,  normally  nearly  the  whole  is  organically 
bound.  Of  this,  Meyer  395  found  2  per  cent  as  lipoid.  The  rest  is  in 
protein  form,  combined  in  the  thyroglobulin.  From  the  thyroglobulin, 
two  iodo-  amino-acids  have  been  isolated,  diiodotyrosine,  and  thy¬ 
roxine,  as  described  elsewhere. 

The  relative  proportion  of  thyroxine-like  substance  in  the  thyroid 
varies  more  than  the  total  iodine.  This  is  true  because  this  fraction 
is  prone  to  disappear  faster  both  when  excessive  amounts  of  hormone 
are  withdrawn  from  the  gland  and  when  there  is  a  relative  iodine 
deficiency.  All  of  the  methods  in  vogue  involve  alkaline  hydrolysis 
which  destroys  part  of  the  thyroxine.  On  the  other  hand,  such 
hydrolysis  may  leave  a  little  diiodotyrosine  still  linked  to  thyroxine. 
Consequently  the  analytical  results  are  only  approximate,  but  they 
are  remarkably  consistent. 

Using  fresh  human  thyroglobulin  preparations,  Salter  and  Lerman 
found  that  20  per  cent  of  the  total  iodine  was  thyroxine-l.ke  by 
Leland  and  Foster’s  method  or  by  Blau’s  method,  whereas  25  per 
cent  was  the  figure  obtained  by  Harington  and  Randalls-1  pro¬ 
cedure.  Although  the  latter  method  involves  compensating  errors, 
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it  is  simpler  and  (the  author  believes)  more  truthful  for  many  pur- 
poses.  As  shown  in  Figure  2,  Gutman,  Benedict,  Baxter,  and  Pal- 
mer 210  found  much  the  same  proportion  for  human  goiters,  surgica  y 
excised.  Their  data  would  suggest  that  under  treatment  with  iodine 
the  normal  proportion  between  “ T ”  and  “D”  iodine  fractions  quickly 
is  restored  in  the  glands  of  patients  suffering  from  exophthalmic 
goiter.  Brand  and  Kassell 61  report  similar  values  by  their  recently 
developed  colorimetric  method.  By  Leland  and  Foster  s  method, 
Elmer  (1936)  found  from  3  to  5  mg.  of  apparent  thyroxine  in  the 


Fig.  2.  As  the  exophthalmic  goiter  responds  to  iodine  therapy,  the  total  iodine  in 
the  gland  increases.  In  the  first  few  days  the  relative  proportion  of  thyroxine-like 
“T”  iodine  rises  steadily;  later  it  assumes  a  constant  proportion  of  the  total  iodine. 
This  trend  is  indicated  by  lines  drawn  to  include  areas  containing  the  majority  of 
points,  which  represent  analyses  of  seventy  iodized  glands  from  human  cases  of 
exophthalmic  goiter. 

From:  A.  B.  Gutman,  E.  M.  Benedict,  B.  Baxter,  and  W.  W.  Palmer:  J.  Biol.  Chem. 
97-  3IS-  1932. 

whole  thyroid,  Leland  and  Foster  (1932)  0.2  to  9  mg.  and  Gutman 
(J932)  o-9  to  7  mg.  In  dog  thyroids  Elmer  found  0.7  to  1.1  mg. 
apparent  thyroxine,  and  in  rabbits  only  3  to  5  micrograms. 

Grab2"1  separated  the  colloid  in  the  follicles  from  the  cellular 
constituents  and  analyzed  both  for  apparent  thyroxine.  He  found 
that  in  both  parts  the  relative  proportion  of  apparent  thyroxine  was 
the  same,  i.e.,  about  one-third. 

Diiodotyrosine  accounts  for  about  two-thirds  of  the  iodine  in  the 
thyroid.  This  fraction  tends  to  persist  when  the  thyroxine-like 
fraction  is  depleted.  Elmer  found  (in  this  form)  from  2.0  to  6.1  mg. 
of  iodine  in  human  thyroids,  0.2  to  1.19  mg.  iodine  in  dog  thyroids 
and  from  4  to  18  micrograms  in  rabbit  thyroids.  This  figure  usually 
includes  the  inorganic,  which  is  often  presumed  to  be  negligible.  As 
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stated  in  Chapter  III,  this  substance  is  presumably  the  precursor 
of  thyroxine. 

There  seems  to  be  no  question  that  the  colloid  consists  largely  of 
thyroglobulin,  which  may  be  regarded  as  the  storage  form  of  the 
hormone  as  well  as  the  specific  thyroid  protein.  Unlike  insulin  in 
the  pancreas,  however,  which  apparently  has  a  definite  sulfur  con¬ 
tent,  thyroglobulin  varies  in  its  iodine  content  and  in  the  relative 
proportions  of  diiodotyrosine  and  apparent  thyroxine.  This  variation 
will  be  discussed  in  detail  in  Chapter  III. 


CHAPTER  III 


IODINE  COMPOUNDS  OF  BIOLOGICAL 
IMPORTANCE 


Although  organic  chemists  know  thousands  of  pure  compounds 
containing  iodine,  the  materials  which  are  of  interest  to  biologists 
and  to  physicians  are  largely  derivatives  of  protein;  in  fact  thyro- 
globulin,  the  colloid  of  the  gland,  is  the  best  known  iodoprotein. 
The  ancient  Greeks  had  some  inkling  of  this  fact  in  their  treatment 
of  goiter  with  “burnt  sponge,”  but  no  sort  of  scientific  approach  to 
this  problem  was  clear  until  therapeutic  use  by  Coindet 94  of  the 
pure  element  about  1811.  The  striking  chemical  activity  of  iodine 
naturally  led  to  a  systematic  investigation  of  its  chemical  properties, 
and  in  1876  Bohm  and  Berg 03  noted  that  iodine  could  combine  with 
egg  white  and  that  subsequently  this  iodine  could  be  removed 
readily.  In  the  next  year  Knop  286  treated  egg  albumin  with 
bromine  and  obtained  a  brominated  derivative  thereof.  Following 
the  discovery  by  Baumann  39  in  1895  that  the  thyroid  protein  was 
an  iodoprotein,  many  investigators  were  attracted  to  the  study  of 
natural  combinations  of  iodine  with  protoplasm  or  constituents  of  it. 
This  widespread  interest  led  to  the  discovery  of  iodoproteins  in 
sponges  by  Hundeshagen  (1895), 258  and  in  “corals”  by  Drechsel 
(1896).  A  few  years  later  Baumann  conducted  an  intensive 
attempt  to  increase  the  activity  of  thyroid  protein  by  further  iodina- 
tion  of  the  natural  material,  and  Hutchison  260  hydrolyzed  natural 
thyroglobulin  with  proteolytic  enzymes  to  obtain  iodinated  peptones. 


Iodinated  Proteins 

This  pioneer  work  opened  up  the  general  field  of  organic  albu¬ 
minous  derivatives  which  has  been  pursued  along  two  general  lines, 
namely,  the  artificial  lodination  of  well-known  proteins  to  form 
homologous  iodoproteins,  the  properties  of  which  can  be  studied; 
and  also  the  isolation  in  pure  form  of  the  split  products  of  both 
natura  and  artificial  iodoproteins.  Among  the  pioneers  who  laid 
n  the  foundations  of  our  present  knowledge  were  Hofmeister 
Oswald,  and  Blum,  fndeed,  from  Blum  through  Strauss  and  BaS 
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to  the  present  day  one  traces  three  generations  of  work  in  this  field. 
Although  Drechsel  hydrolyzed  the  horny  axial  skeleton  of  the  Medi¬ 
terranean  “coral,”  Gorgonia  cavallini,  by  means  of  alkali,  and 
obtained  from  it  a  crystalline  split  product  which  he  called  iodo- 
gorgonic  acid,  it  was  not  until  1911  that  Oswald  was  able  to  isolate 
this  substance  from  several  proteins  and  to  identify  it  as  diiodo- 
tyrosine.  Nearly  twenty  years  later  Harington  and  Randall  finally 
succeeded  in  obtaining  the  same  material  from  thyroglobulin  226  and 
eventually  established  our  concept  of  “D”  iodine  —  a  term  which 
will  be  used  frequently  in  this  volume. 

In  the  meantime,  methods  for  introducing  iodine  artificially  into 
protein  molecules  had  been  developed  further.  In  the  early  days 
Hofmeister  248  used  a  strongly  acid  medium  for  iodinating  the  dis¬ 
solved  protein,  but  his  method  was  not  very  satisfactory  because  the 
proteins  were  partially  split  in  the  process.  Blum  and  his  collabo¬ 
rators  later  tried  various  methods  of  iodination  and  eventually  came 
to  use  bicarbonate  to  buffer  the  iodinated  medium.  They  recognized 
two  kinds  of  iodine  in  the  resulting  iodoproteins,  the  one  tightly 
bound  to  carbon,  the  other  loosely  bound  to  nitrogen.  Blum  and 
Strauss  48  considered  that  the  iodine  bound  to  nitrogen  joined  the 
NH  group  of  the  imidazole  ring  of  histidine,  and  they  found  that  this 
iodine  could  be  split  off  by  sulfurous  acid.  They  concluded  that  in 
general  the  carbon-bound  iodine  consisted  mainly  of  diiodotyrosine. 
They  found,  however,  that  certain  proteins,  notably  globin,  bound 
more  iodine  than  could  be  taken  up  by  the  tyrosine  residues  therein. 
The  clue  to  this  paradox  was  furnished  by  Pauly,42'  who  found  in 
1910  that  iodine  could  combine  with  histidine  derivatives  by  entering 
the  imidazole  group.  Thereupon  Bauer  and  Strauss  36> 38  succeeded 
in  showing  that  the  total  iodine  in  iodoglobin  could  be  accounted  for 
by  assuming  that  the  histidine  group  contained  the  iodine  not  ac¬ 
counted  for  by  tyrosine.  Thus  the  story  of  iodo-histidine  has  run 
parallel  to  the  history  of  iodotyrosine,  and  it  remains  to  be  com¬ 
pleted  fully  by  the  isolation  and  synthesis  of  pure  iodo-histidine. 

In  recent  years  the  properties  of  iodoproteins  have  been  compared 
with  those  of  the  homologous  proteins  before  iodination.  Both 
Cohn  92  and  Neuberger  407  have  found  that  the  dissociating  hydroxy 
of  tyrosine  becomes  more  strongly  acid  on  the  addition  of  two  atoms 
of  iodine.  Similarly,  Haurowitz 231  found  that,  after  iodination, 
globin  can  no  longer  combine  with  hemin  to  form  hemoglobin. 
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Furthermore,  Cohn,  Salter,  and  Ferry  93  found  by  comparing  globin 
with  iodoglobin  that  the  base-binding  power  of  the  latter  is  lower,  a 
fact  which  suggests  that  the  hydroxyl  groups  in  the  tyrosine  residues 
have  become  blocked  in  some  fashion.  Because  these  aitificially 
iodinated  proteins  bear  many  resemblances  to  natural  iodoproteins, 
and  to  thyroglobulin  in  particular,  their  properties  are  of  peculiar 
interest. 

Hydrolysis.  The  hydrolysis  of  both  natural  and  artificial  iodo¬ 
proteins  has  been  a  very  fruitful  line  of  investigation.  Following  the 
pioneer  peptic  and  tryptic  digests  of  Hutchison  ~j9  in  1896,  various 
attempts  have  been  made  to  break  up  these  proteins  into  their  con¬ 
stituent  iodo-amino-acids.247  This  work  not  only  led  to  the  isolation 
of  diiodotyrosine,  as  already  mentioned,  but  it  eventually  produced 
thyroxine  in  1915.  This  substance  Kendall  obtained  from  the  thyroid 
by  alkaline  hydrolysis,  after  years  of  acid  hydrolysis  had  failed.  In 
recent  years  this  same  procedure,  namely,  the  use  of  barium 
hydroxide  as  a  hydrolytic  agent,  has  led  to  startling  results  with 
artificial  iodoproteins.  The  preliminary  experiments  were  performed 
by  Abelin,5’6’9  who  found  that  artificially  iodinated  casein,  when 
hydrolyzed,  produced  effects  which  mimicked  those  of  the  thyroid 
hormone.  Later,  Ludwig  and  Mutzenbecher  344  isolated  pure  crys¬ 
talline  thyroxine  from  such  digests.  Furthermore,  Salter  and  Lerman 
have  shown  that  simple  iodination  of  the  proteins  of  mammalian 
blood  serum,  e.g.,  serum  albumin,  yields  iodoprotein  which  relieves 
in  classical  fashion  patients  suffering  from  typical  clinical  myxedema. 

“T”  and  “D”  Iodine  Fractions.  These  investigations,  therefore, 
have  served  to  describe  the  origin  of  thyroidal  activity  in  terms  of 
classical  chemistry,  and  have  shown  that  in  many  respects  the 
natural  protein  of  the  thyroid  resembles  material  produced  in  the 
laboratory.  It  can  now  be  inferred  that  natural  endocrine  activity 
must  originate  in  consequence  of  chemical  reactions  which  may  be 
duplicated  in  vitro.  In  other  words,  this  series  of  researches  has 
successfully  bridged  the  gap  between  endocrinology  and  the  older 
chemistry  of  nutrition.  Moreover,  these  studies  have  led  to  the 
recognition  of  two  general  fractions  of  iodine  combination  in  natural 
materials,  namely,  the  “D”  fraction  already  mentioned  as  resembling 
and  containing  diiodotyrosine,  and  also  a  second,  “T”  fraction" 
which  resembles  and  contains  thyroxine  or  derivatives  thereof! 
Hutchison  in  the  last  century  noted  that  peptic  digestion  of  thyro- 
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globulin  yielded  such  fractions,  and  ten  years  ago  Harington  and 
Salter  pursued  this  division  further  by  the  use  of  pepsin,  trypsin,  and 
erepsin  successively  to  isolate  levorotatory  thyroxine  and  also 
the  levo—  (  +  )  diiodotyrosine  (Harington  and  Randall,  1931).  In 
recent  years  Salter  and  Lerman  469  have  tested  such  subfractions  of 
natural  human  thyroglobulin  and  have  shown  that  the  hormonal 
activity  of  the  protein  remains  qualitatively  with  the  “T”  fraction 
as  the  molecule  is  subdivided  progressively  into  smaller  and  smaller 
pieces.  That  is  to  say,  after  each  fission  of  the  molecule  the  “T” 
moiety  has  been  found  to  relieve  human  myxedema,  whereas  the 
“D”  fraction  has  been  shown  to  be  inert.  Likewise,  iodinated  blood 
proteins  have  been  split  into  iodopeptones,  iodopeptides  and  into 
iodo-amino-acids;  again  the  thyroidal  activity  of  these  artificial 
substances  has  remained  in  the  “T”  fraction. 

When  one  comes  to  the  iodine  of  the  circulating  blood,  —  present 
in  a  concentration  so  small  as  to  tax  present  analytical  methods  to 
their  utmost,  —  it  is  still  possible  to  show  that  the  organically  bound 
iodine  is  precipitated  along  with  the  plasma  proteins.  Contrary  to 
earlier  evidence,  under  ideal  conditions  relatively  little  of  the  native 
iodine  is  salted  out  with  the  globulin  fractions  in  the  preliminary 
separation.  It  is  not  yet  clear  whether  this  circulating  organic 
iodine  is  truly  colloidal  or  whether  it  is  merely  adsorbed  on 
the  plasma  colloids.  Possibly  the  circulating  iodine  is  a  proteolytic 
split  product  derived  from  the  huge  thyroglobulin  molecules  de¬ 
posited  in  the  natural  thyroid  colloid.  Indeed,  Perkin  and  Hurx- 
thal 431  have  recently  added  to  normal  human  blood  such  a  fragment 
prepared  by  Salter,  and  found  that  this  fortified  blood  behaved  like 
naturally  hyperthyroid  blood,  whereas  normal  blood  fortified  with 
crystalline  thyroxine  did  not  reproduce  the  natural  behavior. 
Whether  colloidal  or  not,  however,  it  is  clear  that  the  circulating 
iodine  in  human  blood  consists  in  both  a  “T”  and  a  “D”  fraction, 
and  recently  Salter  has  used  the  same  procedure  in  separating  these 
fractions  as  that  formerly  employed  with  the  homologous  fractions 
of  thyroglobulin  and  of  artificial  iodoproteins.  It  remains  to  be  seen 
how  these  circulating  “T”  and  “D”  iodine  moieties  react  in  endo¬ 
crine  imbalance,  especially  in  thyroid  disturbance 

Already  it  is  clear  that  the  total  organic  iodine  of  the  blood  is  hig 
in  hyperthyroid  states.  Under  certain  conditions  this  total  organic 
iodine  decreases  when  a  patient  is  successfully  treated  by  the  floo 
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ing  of  his  body  fluids  with  tremendous  excesses  of  inorganic  iodide. 
In  some  clinical  conditions,  however,  an  abnormally  high  concentra¬ 
tion  of  organically  bound  iodine  exists  in  the  absence  of  demon¬ 
strable  hyperthyroidism.  Does  such  organic  iodine  consist  chiefly  of 
“D”  iodine?  Does  the  “T”  iodine  really  determine  the  degree  of 
thyroid  activity?  Is  a  drop  in  “T”  iodine  the  true  chemical  correla¬ 
tive  of  clinical  improvement  in  hyperthyroidism?  Is  the  “T”  frac¬ 
tion  absent  in  frank  myxedema,  even  though  the  concentration  of 
total  iodine  and  of  organically  bound  iodine  be  within  normal  limits? 
Such  questions  are  the  obvious  extrapolations  of  problems  which 
already  have  been  answered,  and  the  possibility  of  pursuing  them 
will  be  considered  in  subsequent  chapters.  Before  proceeding  to 
these  general  problems,  however,  it  will  be  necessary  to  examine  in 
greater  detail  the  technical  aspects  of  the  materials  and  methods 
involved. 


Natural  Iodoproteins 


“ Corals ”  and  Sponges.  In  the  last  century  a  systematic  search  for 
natural  iodine  compounds  was  conducted  and  it  was  observed  that 
most  of  these  substances  were  related  to  the  sea,  if  not  to  modern 
oceans  at  least  to  those  of  some  prehistoric  geological  era.  In  addition 
to  sponges  and  “corals”  or  sea  fans,  it  was  soon  noted  that  kelp  and 
seaweed  were  also  rich  in  iodine.  In  all  of  these  organisms  the  iodine 
could  be  divided  by  chemical  means  into  inorganic  iodide  and  into 
iodine  in  organic  combination.237  As  early  as  1848  Vogel  showed 
that  sponges  contained  organic  iodine;  forty-seven  years  later 
Hundeshagen  studied  this  combination  further  and  concluded  that 
the  iodine  was  present  in  the  form  of  an  amino-acid.  Harnack  230 


described  in  greater  detail  the  protein  of  the  sponge  skeleton  as  an 
iodo-albuminoid  and  named  it  iodospongin.  Subsequently  Drechsel 
prepared  an  insoluble  protein  from  corals  and  isolated  from  hydroly¬ 
sates  thereof  his  “iodogorgonic  acid,”  later  shown  by  Wheeler  and 
Mendel  (1909-10)  to  be  diiodotyrosine.  Although  these  researches 
led  ultimately  to  the  intensive  study  of  thyroglobulin  by  Baumann 
this  last  signal  event  was  purely  accidental. 

It  is  amusing  to  read  Baumann’s  original  account  of  this  incident 
now  more  than  forty  years  past,  in  which  he  says  “als  ich  diese 
Beobachtung  zuerst  machte,  glaubte  ich  an  alles  Andere  eher  als 
dass  Jod  meiner  Substanz  angehore.”  »  He  had  known,  of  course 
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about  the  researches  of  Bubnow,  who,  about  1875,  isolated  crude 
thyroid  protein  by  extracting  minced  thyroid  glands  with  salt  solu¬ 
tions.  This  work  was  later  pursued  by  Hutchison,259- 200  who  ex¬ 
tracted  the  glands  first  with  five  per  cent  magnesium  sulfate  solution 
and  later  (and  better)  with  one-tenth  per  cent  sodium  hydroxide. 
When  the  solution  was  cautiously  acidified  with  acetic  acid,  Hutchi¬ 
son  obtained  a  flocculating  protein  which  had  the  properties  of  a 
globulin,  and  which  he  recognized  as  the  protein  in  the  thyroid 
colloid*  In  his  day  the  old  theory  that  the  thyroid  manufactured 
mucin  still  held  sway,  but  Hutchison  hydrolyzed  his  product  with 
hydrochloric  acid  and  found  no  evidence  of  mucin.  He  also  isolated 
a  small  amount  of  nucleoprotein  from  his  extracts,  but  rightly  de¬ 
cided  that  it  was  derived  from  the  thyroid  cells  and  that  it  was 
not,  properly  speaking,  a  true  thyroid  secretion.  In  retrospect, 
it  is  remarkable  how  much  enduring  and  fundamental  information 
this  pioneer  English  investigator  published  in  two  physiological 
reports. 

Thus  only  three  naturally  occurring  iodoproteins  are  well  known, 
namely,  spongin  from  sponges;  gorgonin  from  sea  fans  (erroneously 
called  “corals”) ;  and  thyroglobulin  from  the  thyroid  of  vertebrates. 
Although  it  is  true  that  seaweed  may  contain  0.5  per  cent  of  iodine, 
no  pure  iodinated  proteins  have  been  isolated  from  this  source; 
Toryu  found  only  5  per  cent  of  the  iodine  of  seaweed  combined 
with  protein.  Of  course  this  small  amount  could  be  accounted  for 
by  simple  “adsorption,”  i.e.,  formation  of  a  salt  with  free  groups  of 

the  protein. 


Thyroglobulin 

Preparation.  Until  recently  the  best  characterization  of  the  active 
thyroid  protein  has  consisted  in  a  series  of  papers  by  Oswald,  the 
first  of  which  was  published  in  1899.  He  found  that  practically  all 
the  iodine  in  the  thyroid  could  be  extracted  with  physiological  salt 
solutions  and  that  nearly  all  the  iodine  so  extracted  was  chemically 
bound  and,  in  fact,  precipitable  by  heat  coagulation.  He  treated 
such  solutions  with  ammonium  sulfate  and  found  at  half  saturation 
with  this  salt  that  the  globulins  so  precipitated  had  carried  down 
nearly  all  of  the  iodine.  Oswald  purified  this  globulin  fraction  further 
by  dissolving  it  in  dilute  alkali  and  reprecipitating  it  cautiously 
with  dilute  acetic  acid.  This  method  has  been  used  repeatedly  with 
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minor  modifications  even  to  the  present  time.  One  of  the  best  prepa¬ 
rations  of  thyroglobulin  yet  made  was  that  of  Heidelberger  and 
Palmer,232  who  used  Oswald’s  method  of  repeated  extractions  with 
nine-tenths  per  cent  aqueous  sodium  chloride.  These  authors  were 
able  to  remove  most  of  the  contaminating  nucleoprotein  by  adjust¬ 
ing  the  reaction  of  the  very  cold  thyroglobulin  solution  to  pH  4.8 
or  5.0.  After  this  purification  they  precipitated  the  thyroglobulin 
either  with  sodium  chloride  or  with  ammonium  sulfate  at  half  satura¬ 
tion.  They  attempted  an  acid  extraction  with  dilute  acetic  acid,  as 
formerly  proposed  by  Oswald,  but  they  found  that  this  method 
denatured  the  thyroglobulin. 

For  many  purposes,  extraction  of  the  glands  with  dilute  alkali  is 
convenient,  but  it  tends  to  hasten  the  proteolysis,  and  for  purposes 
of  careful  study  by  physical  chemists  this  alkaline  medium  has 
been  avoided.  Accordingly,  Cavett  and  Seljeskog  (1933)  have  in 
recent  years  advocated  the  very  simple  procedure  of  extracting  the 
sliced  frozen  gland  with  1  per  cent  aqueous  sodium  chloride  solution. 
This  extract  is  filtered  and  adjusted  to  pH  7.4;  it  is  then  frac¬ 
tionally  precipitated  with  ammonium  sulfate.  The  fraction  precipi¬ 
tating  at  35  to  45  per  cent  saturation  is  saved.  For  purposes  of 
analysis  the  material  may  be  freed  from  lipids  by  precipitating  the 
thyroglobulin  at  -50  C.  with  acetone,  and  subsequently  extracting 
the  (denatured)  protein  in  a  Soxhlet’s  apparatus  with  ether  for  forty 
hours. 

Thus  far,  these  two  carefully  purified  preparations  of  mammalian 
thyroglobulin  are  probably  the  best  which  have  been  produced.  In 
neither  case  was  it  possible  to  free  the  thyroglobulin  completely 
from  phosphorus,  although  in  the  later  preparations  the  phosphorus 
content  dropped  to  less  than  0.02  per  cent.  Apparently  there  is  no 
proof  that  thyroglobulin  contains  phosphorus,  but  as  yet  no  one  has 
obtained  a  preparation  completely  free  from  it.  Subsequently 
Cavett,  working  with  Rice  and  McClendon,81  applied  his  method 
both  to  hog  thyroid  and  to  human  thyroids  obtained  at  autopsy  or 
at  operation.  He  pointed  out  that  the  impurities  in  thyroglobulin 
preparations  are  mainly  ammonium  sulfate,  nucleoprotein  and  fat. 
Because  the  nucleoprotein  usually  is  derived  by  destruction  of  the 
cells  of  the  gland,  grinding  of  the  tissue  was  avoided;  the  tissue  was 
merely  frozen  and  sliced.  Later  the  fat  precipitates  with  the  thyro- 
globuhn,  but  it  is  completely  removed  if  thyroglobulin  is  precipitated 
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with  acetone  and  extracted  in  a  Soxhlet’s  apparatus  with  pure  ether. 
(The  precaution  must  be  taken  of  placing  some  metallic  sodium  in  the 
flask;  otherwise  the  thyroglobulin  will  be  denatured.)  For  example, 
when  hog’s  thyroglobulin  was  precipitated  with  ammonium  sulfate, 
it  contained  0.51  per  cent  iodine,  but  after  being  dissolved  in  water, 
precipitated  with  acetone,  and  extracted  for  twenty  hours  in  a 
Soxhlet’s  apparatus  with  anhydrous  ether,  it  contained  0.65  per  cent 
iodine.  On  further  redissolving  in  water,  precipitating  with  acetone, 
and  extracting  with  ether,  it  contained  0.697  Per  cent  iodine.  This 
great  increase  in  the  percentage  of  iodine  was  due  to  the  removal 
of  fat. 

The  same  general  procedure  can  be  applied  to  human  thyroid. 
When  nucleoprotein  is  present  initially  in  low  concentrations,  —  and 
this  can  be  attained  by  using  sliced  thyroid  rather  than  ground 
tissue,  —  the  nucleoprotein  impurity  can  be  removed  by  repeated 
dissolving  of  the  thyroglobulin  in  water  and  reprecipitation  with 
ammonium  sulfate  between  the  limits  of  35  and  45  per  cent  satura¬ 
tion. 

Out  of  thirty-three  preparations  so  compared  by  Cavett,  Rice,  and 
McClendon,  nineteen  had  a  phosphorus  content  between  0.0 1  and 
0.03  per  cent.  It  seems  probable,  therefore,  that  about  0.02  per  cent 
of  the  phosphorus  is  contained  in  the  thyroglobulin  and  that  larger 
amounts  of  phosphorus  are  indicative  of  an  admixture  of  nucleo¬ 
protein.  Because  this  iodoprotein,  like  the  muscle  protein,  is  rather 
labile,  strongly  acidic  reactions  must  be  avoided  in  order  to  prevent 
denaturation. ’  In  fact,  Heidelberger  and  Palmer  232  found  that  in 
attempting  to  remove  nucleoprotein  they  almost  invariably  de¬ 
natured  their  thyroglobulin  by  going  to  reactions  more  acid  than 

pH  4.5. 

Properties.  The  general  properties  of  this  native  protein,  first  out¬ 
lined  by  Hutchison  and  later  described  in  detail  by  Oswald,  have 
been  confirmed  by  the  more  careful  studies  of  recent  years.  The 
protein  is  only  slightly  soluble  in  water,  but  it  is  more  soluble  in 
dilute  salt,  and  still  more  so  in  dilute  alkali.  Indeed,  it  possesses  a 
of  the  characteristics  of  a  globulin,  and  forms  a  globukw  on  the 
addition  of  acid  to  saline  solutions,  much  as  the  vegetable  globulins 
are  precipitated  by  this  means.  It  has  been  known  for  a  long  time 
that  this  protein  is  coagulated  by  heat,  and  when  all  the  nitrogen  is 
removed  thus  from  its  pure  solutions,  all  the  iodine  is  coagulate 
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simultaneously.  It  is  known  also  that  this  material  is  very  low  in 
phosphorus.  As  far  as  can  be  determined,  essentially  all  of  the 
pharmaceutical  potency  inherent  in  the  substance  of  the  gland  is 
extracted  in  this  protein  form.  Unfortunately,  at  present  no  good 
studies  of  titration  curves,  that  is,  of  acid-binding  and  of  base¬ 
binding,  are  available  for  very  pure  thyroglobulin  preparations. 
Likewise  solubility  studies  have  been  performed  only  in  a  most 
cursory  fashion.  Such  careful  studies  would  be  extremely  interesting.  . 
At  present,  all  one  can  say  is  that  thyroglobulin  has  an  isoelectric 
point  close  to  4.5  and  that  the  pH  value  for  the  isoelectric  zone  shifts 
to  a  less  acid  value  when  the  material  is  denatured.  Inasmuch  as 
denaturation  is  progressive,  this  shift  also  may  be  progressive  until 
a  complete  denaturation  is  reached  (with  isoelectric  values  of 
about  pH  5). 

In  general,  the  precipitation  limits  for  thyroglobulin  with  am¬ 
monium  sulfate  indicate,  of  course,  that  the  material  behaves  some¬ 
what  like  pseudoglobulin  of  plasma,  but  this  characterization  is  at 
best  crude  and  it  would  be  desirable  to  have  more  precise  data. 
That  the  material,  when  undenatured,  behaves  like  a  globulin  is 
indicated  clearly  from  the  fact  that  it  dissolves  readily  in  1  per  cent 
sodium  chloride  solution  and  that  this  solubility  is  increased  if  the 
solution  is  made  more  alkaline.  In  fact,  starting  with  an  alkaline 
chloride  solution,  the  solubility  of  thyroglobulin  progressively  dim¬ 
inishes  to  pH  4.5  and  then  increases  somewhat  at  extreme  acidity  if 
this  change  in  pH  be  made  so  rapidly  that  a  chance  for  denaturation 
and  coagulation  is  avoided.  The  same  sort  of  phenomenon  has  been 
described  in  the  case  of  the  vegetable  proteins  and  for  muscle 
globulin,  as  described  by  Salter. 


Molecular  Size.  The  original  preparation  of  Heidelberger  and 
Palmer  was  tested  in  the  laboratory  of  The  Svedberg  for  its  molecular 
mass,  using  the  ultracentrifuge  at  Upsala.234  Although  the  original 
values  so  attained  were  over  700,000,  this  figure  has  been  revised 
more  recently  by  Heidelberger  and  Pedersen  and  stated  to  be  about 
675,000.  The  methods  used,  of  course,  were  the  well  known  methods 
of  Svedberg  533  for  determining  the  molecular  weight  of  proteins. 

e  P10cedure  is  too  complicated  to  describe  here,  but  it  depends 
upon  the  determination  (/)  of  diffusion  constants  and  (2)  of  sedi¬ 
mentation  constants  as  found  in  the  ultracentrifuge.  Indeed-  the 
ultracentrifugal  technique  permits  a  direct  determination  of  the 
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molecular  weight  by  means  of  sedimentation  equilibrium  measure¬ 
ments.  The  following  formula  has  been  used: 

dc 


RT 


M 


dx 


where  M  equals  molec- 


(i  —  V-p)w2-X-C 

ular  weight;  R  is  the  thermodynamic  gas  constant;  T  is  tempera¬ 
ture  (absolute);  V  equals  specific  volume;  p  equals  density  of  the 
solution;  w  equals  angular  velocity  of  the  centrifuge;  x  equals  dis¬ 
tance  from  the  center  of  rotation,  and  c  equals  concentration  in  grams 
per  milliliter  at  the  distance  x,  as  determined  by  refractometric 


TABLE  7 

Molecular  Weight  of  Thyroglobulin  from  Sedimentation  Equilibrium 


c  at  Start 

=  0.970;  pH  =  6.6 

Revolutions 

Distance 

Concentration 

Molecular  Weight 

per  second 

X 

c 

M 

r  5-55 

0.421  * 

686,000 

5.60 

0.513 

657,000 

5-65 

0.623 

638,000 

49-5 

< 

5-70 

0.755 

627,000 

5-75 

0.915 

630,000 

5.80 

1.115 

661,000 

.  5-85 

1.390 

(772,000) 

Average 

650,000 

f  5-55 

0.520 

667,000 

5.60 

0.599 

656,000 

5-65 

0.690 

649,000 

42-5 

-s 

5-70 

0.799 

653,000 

5-75 

0.926 

684,000 

l  5-8o 

1.092 

(790,000) 

Average 

662,000 

After:  M.  Heidelberger  and 

K.  0.  Pedersen,  J.  General  Physiol. 

19:  105.  1935-36. 

measurements.  By  this  method  Heidelberger  and  Pedersen  found 
the  values  given  in  Table  7  which,  when  properly  calculated,  yield 
the  molecular  weight  in  question. 

Their  results  may  be  summarized  as  follows: 

1.  The  sedimentation  constant  of  hog  thyroglobulin  is  19.2  X 
1  o'13  sq.  cm.  per  second.  That  of  human  thyroglobulin  is  essentially 

the  same. 

2.  The  specific  volume  of  hog  thyroglobulin  is  0.72. 
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3.  The  isoelectric  point  of  native  hog  thyroglobulin  is  at  pH  4.5s, 

that  of  denatured  thyroglobulin  at  pH  5.0. 

4.  The  molecular  weight  of  hog  thyroglobulin  is,  in  round  num¬ 
bers,  700,000,  as  calculated  from  the  sedimentation  and  diffusion 
constants,  or  650,000,  as  calculated  from  the  sedimentation  equi¬ 
librium  data. 

5.  The  thyroglobulin  molecule  deviates  markedly  from  the 
spherical. 

More  recently  Svedberg  in  Sweden  and  Williams  in  \\  isconsin 
have  noted  that  by  adjusting  the  concentration  of  urea  and  by  vary¬ 
ing  the  pH  in  the  solutions  the  thyroglobulin  molecule  seems  to 
divide,  first,  into  two  pieces  and,  later,  into  four  in  a  reversible 
fashion.  These  results  532  indicate  that  the  thyroglobulin  as  deter¬ 
mined  originally  was  an  aggregate;  indeed,  we  have  no  definite 
notion  as  to  what  its  real  state  is  in  the  thyroid  colloid  as  naturally 
deposited. 

Constituent  Amino- Acids  of  Thyroglobulin.  A  further  estimate  of 
molecular  size  has  been  made  by  using  the  principle  of  minimal 
combining  weights,  in  association  with  common  modern  theories  of 
protein  structure.  This  was  done  with  Heidelberger  and  Peder¬ 
sen’s  233  highly  purified  preparation  of  thyroglobulin  from  glands  of 
Swedish  hogs.  Part  of  this  same  preparation,  denatured  by  heat, 
was  analyzed  by  Brand,  Kassell,  and  Heidelberger  62  for  its  con¬ 
stituent  amino-acids,  and  through  the  kindness  of  the  authors  the 
data  are  summarized  here.  Because  the  carbohydrate  content  of 
individual  thyroglobulin  preparations  varies  considerably,  the  rela¬ 
tive  percentages  obtained  in  a  single  preparation  are  more  reliable 
than  analyses  involving  material  obtained  from  distinctly  separate 
sources.  Even  so,  it  will  doubtless  be  possible  to  correct  separate 
series  of  analyses  so  that  they  may  be  superimposed  for  comparison. 

Brand,  Kassell,  and  Heidelberger  undertook  not  merely  to  deter¬ 
mine  the  percentage  content  of  the  individual  amino-acid  components 
of  the  purified  thyroid  colloid,  but  they  also  studied  their  results 
from  the  standpoint  of  protein  structure,  in  accordance  with  theories 
developed  in  the  last  few  years  by  Svedberg  533  and  by  Bergmann  44 
Briefly  stated,  they  undertook  to  decide  between  two  alternative 
possibilities:  namely  (a)  the  thyroglobulin  molecule  is  a  haphazard 
jumble  of  amino-acids,  bound  together  in  peptide  linkage;  or  (b) 
the  molecule  has  an  orderly,  systematic  arrangement  and  consists  of 
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definite  units  arranged  in  stoechiometric  relationship  to  one  another. 

The  analyses  are  a  tribute  to  the  photometric  techniques  developed 
by  Kassell  and  Brand.269, 270  After  hydrolysis  with  alkali  or  with 
alkaline  stannite,  various  amino-acids  were  studied  quantitatively. 
It  was  observed  that  diiodotyrosine  and  thyroxine  gave  no  Millon’s 
reaction  either  before  or  after  hydrolysis  with  alkali,  but  during 
hydrolysis  with  alkaline  stannite  both  compounds  yielded  active 
phenols.  Accordingly,  diiodotyrosine  and  thyroxine  were  determined 
indirectly  in  the  hydrolysates  by  estimating  the  extra  phenol-like 
substance  which  the  stannite  treatment  produced.  On  the  assump¬ 
tion  that 

Total  iodine  =  “D”  iodine  plus  “T”  iodine 


the  extra  phenolic  color  could  be  allocated  properly  by  using  appro¬ 
priate  equations  for  the  tyrosine  equivalents  of  diiodotyrosine  and 
thyroxine,  respectively,  i.e.,  0.713  and  0.286  per  milligram  of  iodine. 
Thus  the 


“D”  iodine  = 


the  extra  phenol  —  0.286  X  total  iodine 

0.427 


and,  by  difference,  the  “T”  iodine  could  be  estimated.  When  this 
method  was  used,  the  values  for  thyroxine  and  diiodotyrosine  shown 
in  Table  8  were  obtained  in  this  highly  “pedigreed”  (and  therefore 
very  significant)  material. 

'it  is  to  be  hoped  that  similar  data  may  be  obtained  for  human 
thyroglobulin,  both  normal  and  pathological.  At  any  rate,  these 
values  for  the  “D”  iodine  and  the  “T”  iodine  show  clearly  that  the 
major  part  of  the  thyroglobulin  iodine  is  not  present  in  the  form  of 
thyroxine.  This  point  will  be  discussed  in  detail  in  a  subsequent 
chapter  because  around  it  have  centered  two  major  discussions  in¬ 
volving  the  physiological  and  pharmaceutical  importance  of  the  “D” 
iodine.  The  first  of  these  questions,  briefly  put,  is  this:  Does  diiodo¬ 
tyrosine  represent  the  natural  precursor  of  thyroxine?  The  second 
question,  briefly  stated,  is:  Has  the  “D”  fraction  pharmaceutical 
potency?  These  two  problems  have  been  the  source  of  a  considerable 
amount  of  research  in  the  past  few  years,  and  the  evidence  is  so 
complex  that  it  must  be  deferred  for  discussion  at  greater  length. 

Brand,  Kassell,  and  Heidelberger  went  further  and  compared 
several  individual  amino-acid  residues  in  thyroglobulin,  together 
with  the  glucosamine  and  carbohydrate  radicals,  as  shown  in  Table  9. 
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From:  E.  Brand,  B.  Kassell,  and  M.  Heidelberger,  J.  Biol.  Chem.  128 :  xi.  1939  (Scientific  Proc.). 
(Data  by  courtesy  of  the  authors.) 
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To  these  data  they  applied  some  of  the  well  known  conventions 
of  analytical  chemistry,  as  summarized  by  the  following  definitions 

and  equations: 

Nj  =  number  of  residues  of  an  individual  constituent 
Nt  =  total  number  of  residues 

=  F,  =  fraction  of  total  residues 

Nt 

Mp  =  molecular  weight  of  protein 


M 


v  =  R  =  average  residue  weight 


Nt 


%  =  per  cent  by  weight  of  constituent  in  protein 
Mi  =  molecular  weight  of  constituent 


Accordingly,  Mp  = 


Lxr  =  -^xm,xn, 

Fi  % 


and  — — - 
Fi 

proteins). 


ioo 

C, 1 


°/o 


X  Mi  X 


R 


Hence  R  =  115  ±  8  (for  most 


Using  these  formulae  it  was  possible  to  calculate  the  number  of 
residues,  Ni?  from  the  percentage  figures  on  the  basis  of  a  molecular 
weight  of  665,000.  These  values  then  could  be  corrected  to  the  near¬ 
est  integer  indicated  by  the  theory  of  Bergmann.44  Likewise,  for  each 
constituent  it  was  possible  to  calculate  its  fraction  of  the  total  resi¬ 
dues,  Fj,  as  shown  in  the  table.  These  various  figures  lead  ultimately 
to  the  conclusion  that  there  exist  5760  constituents  in  the  thyro- 
globulin  molecule.  Consequently,  these  investigators  suggest  that 
each  thyroglobulin  molecule  is  composed  of  ten  double-Svedberg 

units-  of  576  constituents  each,  and  with  polysaccharide  attached 
to  each  double-unit. 


This  interpretation  of  the  structure  of  thyroglobulin  no  doubt 

rests  upon  a  highly  theoretical  basis.  Nevertheless,  it  is  derived  in 

accordance  with  the  best  modern  theories  of  protein  structure,  and 

is  illuminating  because  it  indicates  that  the  framework  of  thyro- 

globulm  may  be  a  true  biochemical  entity,  albeit  a  complicated  one 

This  point  of  view  was  extended  by  estimating  various  values  for 

the  molecular  weight,  as  predicted  from  the  theoretical  number  of 

residues  contributed  by  each  constituent.  It  will  be  observed  that 

of  four  values  tried,  the  value  665,000  best  fits  the  data  actually 
obtained  (see  Table  9).  y 
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Thyroglobin,  Normal  and  Pathological.  As  far  as  the  iodine  con¬ 
tent  is  concerned,  as  well  as  its  partition  into  thyroxine-iodine  and 
diiodotyrosine-iodine,  Cavett,  Rice,  and  McClendon  81  were  able  to 
study  the  thyroglobulin  extracted  in  the  fashion  just  mentioned  from 
a  series  of  different  types  of  glands.  They  studied  the  iodine  content 
of  the  protein  as  obtained  at  autopsy  and  from  thyroidectomized 
individuals  who  had  not  suffered  from  obvious  thyroid  disease.  In 
addition  they  compared  three  types  of  goiter,  namely,  the  colloid 
goiter,  the  so-called  adenomatous,  or  nodular  goiter,  and  finally,  the 
exophthalmic  goiter.  The  results  of  their  analyses  are  indicated  in 
Table  io.  Although  glands  were  classified  according  to  the  size  of  the 
acini  in  the  gland,  no  definite  correlation  was  obtained  between  the 
size  of  the  follicle  and  the  iodine  and  thyroxine  content.  In  group  3 
of  the  table  are  recorded  results  found  with  glands  obtained  at  au¬ 
topsy  in  which  iodine  had  been  painted  on  the  skin  for  several  weeks 
before  death.  It  will  be  observed  that  there  was  no  obvious  change 
due  to  this  treatment.  The  net  result  of  this  study  was  that  thyro¬ 
globulin  from  goiters  contains  less  thyroxine  and  also  less  diiodo- 
tyrosine  iodine  than  does  thyroglobulin  from  normal  human  thyroids. 
Interestingly  enough,  as  judged  from  the  thyroglobulin ,  there  is  only 
one  type  of  goiter,  and  the  great  difference  in  types  of  goiter  known 
to  the  pathologist  must  be  looked  for  in  some  vital  phenomenon,  but 

certainly  not  in  the  colloid  deposited. 

In  the  colloid  goiter  and  nodular  goiter  group,  the  basal  metabolic 
rate  of  the  individual  from  whom  the  gland  was  derived  was  not 
correlated  with  the  iodine  in  the  gland.  In  the  case  of  exophthalmic 
glands,  however,  the  general  tendency  was  for  the  thyroglobulin  to 
contain  less  thyroxine  if  the  basal  metabolic  rate  was  very  high.  In 
general,  it  is  interesting  that  the  iodine  content  of  the  thyroglobulin 
from  all  types  of  goiter  was  usually  rather  low  even  when  iodine  had 
been  administered  to  the  patient.  It  should  be  remarked  that  the 
thyroxine  content  of  these  proteins  was  estimated  by  the  procedure 
of  Harington  and  Randall,  which  tends  to  give  results  a  little  high; 
that  is,  when  one  gets  a  result  of  about  35  per  cent  by  this  method, 
one  should  probably  read  about  28  per  cent.  When  thyroglobulin 
from  the  glands  of  exophthalmic  goiter  was  analyzed  and  the  result, 
divided  into  four  or  five  groups,  according  to  the  degree  of  hyper¬ 
trophy,  there  was  no  significant  difference  in  the  total  iodine  per¬ 
centage  of  these  groups  nor  in  the  relative  amount  of  thyroxine  iodine, 
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as  shown  from  Table  io.  The  group  numbers,  i  to  4,  which  head  the 
columns  in  the  table,  indicate  increasing  degrees  of  hypertrophy  as 

determined  by  pathological  study. 

Cavett 80  has  extended  this  analysis  of  various  thyroglobulins  by 
determining  the  Van  Slyke  nitrogen  distribution  due  to  the  various 
amino-acid  constituents  of  thyroglobulin.  A  brief  summary  of  his 
values  for  normal  and  pathological  glands  is  given  in  Table  11. 

Similar  values  were  obtained  from  colloid,  adenomatous,  or  nodu¬ 
lar  goiters  and  from  exophthalmic  glands.  The  striking  result  was 
that,  with  the  exception  of  thyroxine,  diiodotyrosine,  and  tyrosine, 
the  general  analytical  picture  of  all  types  of  thyroid  protein  was  the 


TABLE  10 

Thyroglobulin  and  Degree  of  Follicular  Hypertrophy 


Protein  from  hypertrophied  glands 

1 

2 

2-3 

3 

4 

Total  iodine  (per  cent)  . 

0.31 

0.27 

0-3 

0.269 

0.32 

Thyroxine  iodine  (per  cent)  .  . . 

0.084 

0.116 

0.115 

0.143 

0.113 

From:  J.  W.  Cavett,  C.  O.  Rice,  and  J.  F.  McClendon,  J.  Biol.  Chem.  no:  679.  1935. 


same.  In  general,  the  tyrosine  content  tended  to  vary  inversely  wiui 
the  thyroxine  and  diiodotyrosine  content.  Inasmuch  as  Harington 
and  Barger  long  ago  suggested  that  tyrosine  was  the  natural  pre¬ 
cursor,  first  of  diiodotyrosine  and  later  of  thyroxine,  it  would  be 
pleasant  to  assume  that  in  the  molecule  each  radical  of  diiodotyrosine 
or  thyroxine  is  located  at  a  point  where  previously  a  molecule  of 
tyrosine  had  existed.  Accordingly,  one  would  expect  in  thyroglobu¬ 
lins  which  are  low  in  iodine  that  much  unconverted  tyrosine  would 
remain,  and  this  is  seen  to  be  true  from  the  analyses.  Furthermore, 
if  the  patient  has  been  treated  with  iodine,  one  would  expect  to  find 
higher  diiodotyrosine  and  thyroxine  values  and  correspondingly  less 
tyrosine.  The  results  show  that  this  is  also  true.  Inasmuch" as  the 
thyroglobulin  from  goitrous  glands  tended  to  be  low  in  thyroxine- 
lodme  and  in  dnodotyrosine-iodine,  despite  the  copious  use  of  iodine 
medication,  it  might  be  inferred  that  the  formation  of  hormone  or 
its  precursor  was  interfered  with  in  these  glands.  An  alternative 
explanation,  however,  is  that  the  material,  as  soon  as  it  acquires 
hormonal  form  m  vtvo,  is  delivered  into  the  general  circulation;  so 
that  one  finds  remaining  in  the  glands  only  material  which  is  in  the 
process  of  manufacture  into  hormone. 
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Artificial  Iodoproteins 


Preparation.  There  are  three  general  methods  for  iodinating  pro¬ 
teins,  namely,  in  acid,  in  alkaline,  and  in  neutral  media.  In  all  three 
the  end  result  differs  as  certain  conditions  are  modified,  e.g.,  the 
temperature,  the  iodine  carrier,  and  the  concentration  of  the  iodinat¬ 
ing  medium.  Each  method  has  certain  advantages  and  disadvantages 
which  influence  the  choice  thereof.  Hofmeister  248  practiced  iodina- 
tion  in  an  acid  medium  with  elementary  iodine  at  room  temperature. 
He  obtained  characteristic  values  for  the  “iodine  number”  of  various 
proteins,  but  Blum  50  showed  that  these  values  tended  to  be  lower 
than  the  values  obtained  in  media  made  alkaline  by  carbonate.  Blum 
and  Strauss  48  later  compared  these  two  media  and  concluded  that 
the  acid  led  to  splitting  of  the  protein  molecule.  In  consequence  of 
this  hydrolysis,  an  extra  quantity  of  iodine  united  with  the  split 
products  and  led  to  a  spurious  increase  in  the  (acidic)  iodine  num¬ 
ber.  Nevertheless,  the  acid  method  has  certain  advantages  in  special 
cases.  For  example,  Bauer  and  Strauss  38  have  used  this  procedure 
to  show  that  iodine  could  enter  the  histidine  radicals  in  globin.  In¬ 
deed,  by  varying  the  concentration  of  acid,  they  obtained  several 
different  iodine  numbers  for  separate  varieties  of  globin  and  their 
derivatives,  as  described  later. 

The  bicarbonate  procedure  used  by  Blum  and  his  collaborators 
has  been  employed  extensively  with  various  modifications.  In  the 
last  century  Blum  and  Vaubel 51  found  that  after  iodinating  egg 
albumin  the  resulting  material  contained  only  4  per  cent  of  iodine, 
whereas  if  the  protein  were  purified  and  re-iodinated  several  times, 
nearly  7  per  cent  could  be  attained.  They  showed,  further,  that 
hydrogen  iodide  accumulated  and  prevented  the  reaction  from  run¬ 
ning  to  completion.  Blum  therefore  added  sodium  bicarbonate  to 

combine  with  the  hydriodic  acid  and  the  reaction  then  proceeded  to 
completion. 


Afterwards,  Blum  and  Strauss  49  found  that  when  proteins  were 
treated  with  iodine  for  several  hours  in  the  presence  of  bicarbonate 
three  secondary  changes  took  place  in  the  protein  molecule’ 
(a)  oxidation  of  the  tryptophane  groups;  ( b )  oxidation  of  the  cvs- 
tine  residues;  and  (c)  destruction  of  one-half  of  the  groupings  in 
the  protein  responsible  for  the  biuret  reaction.  The  first  two  of  these 
side  effects  could  be  eliminated  by  operating  for  less  than  ten  min- 
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utes,  i.e.,  until  Millon’s  reaction  became  negative.  These  undesir¬ 
able,  incidental  mutilations  of  the  protein  molecule  led  Blum  and 
Strauss  to  proppse  the  use  of  ammonium  hydroxide  as  the  buffer. 
Actually,  under  these  circumstances,  iodination  probably  proceeds 
through  the  intermediary  nitrogen  tri-iodide,  as  utilized  582  by 
Wormall.  The  result  is  an  iodoprotein  which  shows  no  striking 
differences  from  the  original  substance  in  so  far  as  physicochemical 
properties  are  concerned.  In  other  words,  the  solubilities,  various 
molecular  sizes,  and  amino-acid  constituents  show  a  minimal  change 
from  their  original  state.  It  is  important  that  when  globin  is  iodi- 
nated,  the  more  iodine  is  bound,  the  more  basic  the  solution.  Indeed, 
Bauer  and  Strauss  found  that  when  globin  was  dissolved  in  twice 
normal  sodium  hydroxide  and  treated  with  iodine  very  cold,  they 
obtained  an  iodoglobin  preparation  containing  more  iodine  than  by 
any  other  method.  The  noticeable  effect  of  alkaline  medium  with 
reference  to  side  reactions  is  of  special  significance  because,  as  will 


be  pointed  out  presently,  it  may  have  an  important  bearing  upon  the 
development  of  thyroxine-like  activity  in  such  preparations. 

Iodination  in  neutral  media  has  not  been  used  extensively,  but  it 
is  clear  that  a  considerable  amount  of  iodine  can  combine  with  pro¬ 
tein  at  physiological  neutrality.  For  example,  Kurajeff  used 
sodium  iodide  and  iodine  in  neutral  solutions  at  37°C.  for  twenty 
hours.  In  recent  years,  Ludwig  and  Mutzenbecher 3  have  intro¬ 
duced  8  per  cent  of  iodine  into  casein  at  neutrality  by  treating  for 
one-half  hour  at  room  temperature.  These  results  in  neutral  medium 
are  of  especial  interest  from  a  physiological  standpoint,  because  it  is 
now  known  that  such  preparations  can  yield  pure  thyroxine  after 
appropriate  subsequent  treatment.  Indeed,  recently  pure  crystalline 
thyroxine  has  been  obtained  directly  from  pure  diiodotyrosme. 

Physicochemical  Peculiarities.  On  superficial  examination,  Oswald 
found  that  iodinated  proteins  were  very  similar  to  ordinary  proteins 
and  he  stated  that  thyroglobulin  differed  little  from  any  ordinary 
globulin  except  in  its  iodine  content.  More  careful  study  in  recent 
years,  however,  has  disclosed  unmistakable  changes  aft®r  lod“atl“- 
For  example,  Cohn  92  has  discussed  the  modification  of  the  diss 
ating  hydroxyl  group  of  tyrosine  following  the  introduction  of  iodine 
into  the  protein  molecule.  Inasmuch  as  tyrosine  has  three  pK  values, 
•  e  two  due  to  the  dissociating  zwitterion  and  a  third  due  to  dissec¬ 
tion  of  the  phenolic  group,  it  is  possible  to  observe  the  resu 
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introducing  two  iodine  atoms  into  the  molecule.  The  hydroxyl  group 
then  has  a  stronger  dissociation  by  at  least  a  thousandfold  and  the 
amino  group  also  dissociates  at  a  somewhat  more  acid  reaction,  as 
shown  by  the  values  in  Table  12.  It  should  be  noted  carefully  that 
the  numbers  of  the  dissociating  groups  shown  in  the  table  refer  only 
to  tyrosine,  and  are  arranged  in  the  order  of  decreasing  acidity.  The 
values  for  diiodotyrosine,  contrary  to  the  usual  convention,  are  listed 
out  of  order  so  as  to  emphasize  the  relative  inversion  of  hydroxyl 
and  amino  groups  as  regards  their  comparative  acidic  strength.  This 
exchange  is  due  largely  to  the  greatly  increased  acidic  nature  of  the 
hydroxyl  group. 

TABLE  12 


Comparison  of  the  pK  Values  of  Tyrosine  and  Iodotyrosine  * 


pKi(COOH)  pK2(NH2)  pKa(OH) 

Tyrosine .  2.24  9.21  10.28 

Diiodotyrosine .  o°  2.21  8.31  6.53 


250  2.12  7.82  6.48 

_ 4^ _ 2H3 _ 745  6.45 

*  The  reader  will  please  note  that  the  traditional  numbers  for  the  respective  groups  of  diiodotyrosine 
have  been  falsified  deliberately,  as  stated  in  the  text. 

From:  E.  J.  Cohn,  Ergebn.  d.  Physiol.  33 :  846.  1931. 


If  these  values,  obtained  with  free  tyrosine  and  diiodotyrosine, 
apply  also  when  these  amino-acids  are  incorporated  into  proteins,  it 
should  be  possible  to  detect  a  predictable  difference  between  a  given 
protein  and  the  homologous  iodoprotein.  Neuberger  407  has  actually 
made  this  test  in  the  case  of  zein.  He  iodinated  the  protein  by  the 
ammonia  method  with  a  compound  solution  of  iodine  in  potassium 
iodide.  He  used  5  per  cent  more  iodine  than  the  amount  calculated 


as  necessary  to  supply  each  tyrosine  radical  with  two  iodine  atoms. 
His  product  contained  7.54  per  cent  of  iodine  as  compared  with  the 
theoretical  value  of  7.65  per  cent,  and  he  concluded,  therefore,  that 
the  iodine  had  entered  exclusively  into  tyrosine  groups  Further 
evidence  of  this  was  the  absence  of  a  Millon’s  reaction  and  the  pres¬ 
ence  of  an  intensively  positive  test  for  the  ortho-diiodophenolic 
grouping  after  treatment  with  nitrous  acid  and  ammonia  as  described 
by  Kendall  and  Orterberg.*"  This  iodozein  closely  resembled  pure 
e,n  m  its  solubilities;  that  is,  it  was  insoluble  in  organic  solvents 
nc  u  mg  pure  alcohol,  and  also  insoluble  in  neutral  or  acid  aqueous 

0  iitions.  In  aqueous  alkali,  however,  it  was  soluble  at  a  much  lower 
pH  value  than  pure  zein. 
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Neuberger  titrated  solutions  of  the  two  proteins  in  90  per  cent 
alcohol,  comparing  their  respective  acid-binding  and  base-binding 
capacities  at  different  pH  values  as  determined  by  electrometric 
titration.  These  results  he  compared  with  the  values  to  be  expected 
from  the  known  composition  of  pure  zein,  based  on  its  amino-acid 
constituents.  His  experimental  values  checked  closely  with  the 
theoretically  calculated  values  within  the  limit  of  experimental 
accuracy,  as  shown  in  Table  13. 


TABLE  13 


Acid-Binding  and  Base-Binding  Capacities  of  Zein  and  Iodozein 


Zein 


Iodozein 


Experimental  Calculated 

( All  figures  in  moles  X  io~5  per  gram  protein) 


Acid 

Base 

Acid 

Base 

19-3 

54-2 

14.2-16.2 

60.0 

16.8 

46.2 

20.1 

54-6 

l6.6 

47.2 

Av.  18.2 

50.6 

Total  .  69 

l6.8  46-2 

l6.2  48-5 

Av.  16.5  47-4 

Total  .  64 


After:  A.  Neuberger,  Biochem.  J.  28:  1986  and  1990.  1934- 

Having  shown  the  approximate  stoechiometric  identity  of  the  two 
proteins  as  regards  their  total  dissociation,  Neuberger  proceeded  to 
compare  the  range  of  acidity  in  which  the  tyrosine  groups  reacted. 
As  shown  in  Figure  3,  most  of  the  base  binding  is  due  to  the  tyrosine 
residues  which  react  in  a  strongly  alkaline  range,  i.e.,  from  abou 
nH  11  to  pH  13.  In  both  proteins,  the  number  of  tyrosine  groups 
was  estimated  at  41  to  44,  and  the  experimental  values  found  were 
42  to  43.  As  shown  by  the  titration  curve  for  the  iodozein,  neverthe¬ 
less  this  artificial  protein  dissolved  at  a  much  lower  pH  range,  an 
this’ range  is  precisely  the  region  to  be  predicted  from  the  pK  values 
for  iodotyrosine  as  listed  above!  In  conclusion,  then,  Neuberger  s 
iodozein  behaved  exactly  as  the  properties  of  the  constituent  tyrosine 

SrThatlean  proteins 'do  not  react  in  so  clear-cut  a  fashion  was  shown 
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by  the  results  of  Haurowitz  231  and  of  Cohn,  Salter,  and  Ferry. 
The  latter  study  consisted  in  an  experiment  on  globin  very  similar 
to  Neuberger’s  study  of  iodozein.  Comparative  electrometric  titra¬ 
tion  curves  from  pH  1.6  to  12.5  were  obtained  for  globin  and 
iodoglobin,  respectively.  The  acid-binding  capacity  of  globin  was 
138  X  io"5  mols  per  gram  and  the  base-binding  capacity  was 
89  X  io~5  mols  per  gram,  a  total  dissociation  of  about  225  X  10 
mols  per  gram  over  the  entire  range  of  the  pH  scale.  Of  this  total, 


Fig.  3.  Comparative  titration  curves  of  zein  and  iodozein.  The  units  indicated  by 
the  figures  in  the  abscissa  for  acid  or  base  are  mols  X  io~5  per  gram  of  protein. 

From:  A.  Neuberger,  Biochem.  J.  28:  1990.  1934. 


the  base  combined  from  pH  7.5  to  12.5  was  assigned  to  lysine, 
arginine,  and  tyrosine;  that  from  pH  5.0  to  7.5  to  histidine;  and  the 
acid  combination  from  pH  1 .6  to  pH  5.0  to  carboxyl  groups.  When  an 
iodoglobin  was  prepared  by  incorporating  exactly  enough  iodine  to 
combine  with  the  tyrosine  residues  in  the  protein,  the  resulting 
iodoglobin  failed  to  change,  as  did  Neuberger’s  iodozein.  To  be  sure^ 
the  acid-combining  capacity  was  unchanged,  but  the  base  bound  at 
pH  12.5  was  decreased  by  an  amount  approximately  equivalent  to 
t  e  number  of  mols  of  iodine  combined  with  the  globin  These 
findings  suggested  that  in  this  iodoglobin  the  diiodotyrosine  mole- 
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cules  were  unable  to  dissociate  as  they  did  in  iodozein.  In  so  far 
as  the  titration  curve  was  concerned,  therefore,  the  hydroxyl  groups 
of  the  iodinated  tyrosine  had  apparently  disappeared.  When  larger 
amounts  of  iodine  were  introduced  into  the  globin  molecule,  the 
base  binding  was  increased  and  the  acid  binding  decreased;  never¬ 
theless,  the  total  dissociation  from  pH  1.6  to  12.5  remained  at 
222  X  icf5  mols  per  gram.  In  other  words,  once  the  tyrosine  groups 
had  been  iodinated,  further  iodine  in  the  molecule  failed  to  alter  this 
total  value. 

This  apparent  absence  of  the  tyrosine  shift  observed  by  Neuberger 
is  of  particular  interest  from  the  standpoint  of  the  origin  of  thyroxine 
from  iodinated  proteins  containing  tyrosine.  This  latter  reaction  at 
present  mystifies  some  of  the"  world’s  best  chemists,  who  recognize 
no  synthetic  mechanism  which  would  yield  thyroxine  directly  from 
diiodotyrosine.225  The  results  cited  above  suggest  that  the  hydroxyl 
groups  in  an  iodinated  protein  may  become  blocked,  and  this  finding 
might  conceivably  explain  why  an  iodinated  protein  can  relieve 
human  myxedema  when  fed  directly  to  patients  without  further 
chemical  treatment.  The  question  of  the  origin  of  endocrine  activity 
in  iodoproteins  will  be  discussed  in  detail  in  Chapter  V. 

Another  peculiarity  of  iodoglobin  was  described  by  Haurowitz, 
who  found  that  treatment  with  iodine  prevented  the  coupling  of 
hemin  with  globin.  Ten  equivalents  of  iodine  sufficed  to  destroy  this 
coupling  reaction  completely,  but  the  mechanism  by  which  the  effect 
was  produced  is  not  yet  clear."0'1 


The  Iodine-containing  Amino-Acids  of  Iodoproteins 

Thus  far,  the  presence  of  five  iodo-amino-acids  is  suspected  in 
iodoproteins.  Of  these,  three  have  been  isolated  directly,  i.e.,  mono- 
iodotyrosine,  diiodotyrosine  and  thyroxine.  In  addition,  mono- 
iodohistidine  has  been  prepared  in  the  form  of  an  anhydride  or  a 
histidine  derivative.  Diiodohistidine  remains  suspect.  . 

The  isolation  of  diiodotyrosine,  first  as  iodogorgomc  acid  by 
Drechsel,126  and  its  identification  by  Wheeler  and  Jamieson 
(1005)  574  have  been  described  in  detail  by  Harington,  who  with 
Randall,  first  isolated  the  compound  from  thyroid  fssue^  These 
latter  investigators,228  using  enzymic  digests  provided  by  Salter  m 
Harington’s  laboratory,  were  able  ultimately  to  obtain  a  crystalhn 
compound  identical  with  synthetic  d-3:5  diiodo-l-tyrosme.  Racemic 
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preparations  of  the  diiodotyrosine  had  been  obtained  early  in  this 
century  by  Oswald  1-1  also  from  iodo-albumin,  from  iodocasein,  and 
from  gorgonins  and  sponges.  In  i9I5>  Kendall  isolated  racemized 
thyroxine  from  mammalian  thyroid  tissue in  1931  isolation 
of  natural  1-thyroxine  from  the  thyroglobulin  which  had  been  split  by 
enzymes  was  described  by  Harington  and  Salter  and  later  con¬ 
firmed  by  Foster  and  collaborators.1"  In  recent  years  Ludwig  and 
Mutzenbecher  have  isolated  the  same  product  in  its  racemic  form 
from  iodocasein,  as  confirmed  by  Harington. The  German  authors 
report  also  the  isolation  of  mono-iodotyrosine  from  such  digests. 

The  properties  of  these  amino-acids  may  be  summarized  as  follows: 


Chemical  and  Physical  Properties  of  Monoiodotyrosine,  C9Hio03NI*H20.  The 
formula  of  monoiodotyrosine  is  HCk^  ^>CH2CHNH2C00H.  It  contains  39.1 

I 

per  cent  of  iodine  and  4.3  per  cent  of  nitrogen  in  the  crystalline  form  which  con¬ 
tains  one  molecule  of  water  of  crystallization.  It  separates  out  of  weakly  acidic 
aqueous  solution  in  the  same  crystalline  form  as  diiodotyrosine,  forming  flat 
whetstone-shaped  needles  which  also  form  star-shaped  clusters.  It  melts  with 
decomposition  at  203°  to  207°  C.  It  dissolves  in  four  normal  hydrochloric  acid 
on  heating,  and  on  cooling  the  hydrochloride  crystallizes  in  the  form  of  needles. 
It  gives  the  characteristic  color  reaction  of  Kendall  and  Osterberg  with  nitrous 
acid.344 


Chemical  and  Physical  Properties  of  Diiodotyrosine.  The  formula  of  diiodo- 

I 

tyrosine  is  HO<^  CH2CHNH2COOH.  It  contains  58.7  per  cent  iodine  and 

I 

3.2  per  cent  nitrogen.  It  occurs  naturally  as  3>5'diiodo-l-tyrosine.  It  crystallizes 
in  white  needles  which  melt  at  1990  C.  Its  solubility  in  water  at  150  C.  is  about 
0.3  per  cent.  It  can  be  made  synthetically  by  iodinating  1-tyrosine.674 

Chemical  and  Physical  Properties  of  Thyroxine.  The  chemical  formula  of  thy¬ 
roxine  is  C^ILANL.  It  contains  65.4  per  cent  iodine  and  1.8  per  cent  nitrogen. 

I  I 


The  atoms  are  distributed  thus:  HO 


CH2CHNH2COOH. 


Therefore  technically  its  precise  chemical  name  is  l-j8-[3  5-diiodo-a  (Pc' 
dnodo-4  hydroxyphenoxy).phenyl]-  amino-proprionic  acid.  It  is  isolated  as  a 
colorless,  odorless  microcrystalline  powder  which  is  verv  in.nlnKi/  . 
physiological  reactions . 

precipitated  from  mildly  acidic  alcohol  it-  forme  eV.  ^  ^  ™^en 

T°-  - ZZ3£ 

act,on  of  proteo.ytic  enzymes  is  levorotato^. Tylhe^cante'dissoWed 
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safely  in  cold  dilute  potassium  or  sodium  hydroxide  (up  to  5  N)  and  reprecipi¬ 
tated  by  acidification.  The  di-sodium  salt  is  quite  easily  soluble  in  water,  a  point 
of  importance  from  the  standpoint  of  therapy.64* 

These  two  compounds  give  a  characteristic  cerise  color  with  nitrous  acid  under 
suitable  conditions.  This  color  reaction  of  Kendall  and  Osterberg 277  is  given  not 
only  by  thyroxine  and  by  diiodotyrosine,  but  also  by  other  benzene  derivatives 
which  contain  two  iodine  atoms  in  the  ortho  positions  to  a  hydroxyl  group.223 


Presumably  alkaline  digests  of  iodoproteins  may  contain  other 
organic  iodine  compounds,  possibly  diiodothyronine  derivatives  or 
degradation  products  of  thyroxine.  Indeed,  Salter  471  isolated  from 
baryta-hydrolysates  of  iodinated  serum  protein  a  crystalline  com¬ 
pound  with  properties  similar  to  thyroxine,  but  ( a )  containing  no 
nitrogen,  and  ( b )  giving  no  ammoniacal  nitrous  acid  reaction.  Its 
proximate  analysis  was  as  follows:  carbon  24  per  cent,  hydrogen  1.5 
per  cent,  iodine  65  per  cent,  nitrogen  0.3  to  0.6  per  cent.  The  cor¬ 
responding  values  for  thyroxine  are:  carbon  23  per  cent,  hydrogen 
1.4  per  cent,  iodine  65  per  cent,  nitrogen  1.8  per  cent.  Further  studies 
of  these  alkaline  digests  of  iodoproteins  are  urgently  needed  because 
the  isolation  of  chemical  intermediates  between  diiodotyrosine  and 
thyroxine  may  furnish  important  clues  as  to  the  mechanism  whereby 


thyroxine  arises  in  the  animal  body. 

In  this  connection  the  results  of  Barkan  and  Kingisepp  3°  on  the 
tryptic  digestion  of  iodinated  albumin  may  indicate  a  possible  ex¬ 
planation  of  the  conversion  of  “D”  into  “T”  iodine.  These  authors 
digested  “jodtropon”  with  trypsin  and  differentiated  two  resulting 
chemical  fractions  containing  organically  bound  iodine.  The  first 
of  these  fractions  was  precipitable  in  acid  solution  with  silver  salts; 
the  second  fraction  yielded  no  such  precipitate.  More  important 
was  the  finding  that  the  two  fractions  were  in  equilibrium  an 

mutually  interconvertible.  ,  ,  oe 

Other  Possible  Iodine-binding  Amino-acids.  It  has  been  stated 
a  fact,  known  for  many  decades,  that  proteins  bind  varying  amounts 
of  iodine,  depending  upon  the  procedure  and  the  amounts  used.  T 
Liebrecht  (1807) 325  obtained  from  casein  three  preparations,  name  y. 
^  “iodocasein”  with  5.7  per  cent  iodine,  (4)  “casejodin”  with  about 
8  7  per  cent  iodine,  and  (c)  “perjodcasein”  with  17.8  per  cent  iodine. 
He  found  that  these  preparations  had  somewhat  ■ different  P™Per‘ies’ 
but  perhaps  his  most  interesting  finding  was  the  ."Weto  'fc 
three  iodine  components.  He  noted  that  a  plus  b  approximate  y 
quailed  e,  as  far  as  iodine  percentages  were  concerned.  He  sus 
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pected,  therefore,  that  the  iodine  entered  the  molecule  in  successive 
stages,’ being  bound  by  different  chemical  groupings.  As  proof  of  this 
hypothesis,  he  showed  that  treatment  of  preparation  “c  with  sodium 
bisulfite  removed  the  major  part  of  the  iodine  to  yield  preparation 
“a”  In  1898,  Hofmeister  treated  crystalline  egg  albumin  with 
sulfuric  acid  and  hydrogen  iodide,  and  obtained  an  iodoalbumin 
containing  8.1  per  cent  of  iodine.  About  the  same  time  Blum  and 
Vaubel  iodinated  a  number  of  proteins  and  demonstrated  that  when 
standard  procedures  were  used  each  pure  protein  combined  with  a 
characteristic  amount  of  iodine.  Thereupon  began  a  long  series  of 
researches,  which  are  still  incomplete,  for  the  purpose  of  determining 
the  sites  of  combination  within  the  molecules  of  these  various  bound 
iodine  atoms.238 

Early  in  this  century,  for  example,  Oswald  began  to  hydrolyze 
iodoproteins  in  an  attempt  to  isolate  the  various  participating  iodo- 
amino-acids.  He  iodinated  the  split  products  of  proteins  and  found 
that  by  this  procedure  he  could  obtain  impure  organic  preparations 
with  iodine  content  well  over  20  per  cent.  He  also  tested  the 
hypothesis  that  only  tyrosine  radicals  combined  with  iodine,  by 
comparing  the  reactivity  of  casein  and  glutin.  Casein  is  rich  in 
tyrosine  and  gives  a  strong  Millon’s  reaction,  whereas  glutin  con¬ 
tains  but  little  tyrosine  and  consequently  shows  only  a  faint  Millon’s 
test  under  comparable  circumstances.  Oswald  found,  indeed,  that 
casein  could  add  iodine  up  to  13  per  cent,  whereas  glutin  added  no 
more  than  2  per  cent.  This  fact  suggested  strongly  that  iodocasein 
owes  much  of  its  iodine  to  diiodotyrosine.  Nevertheless,  since  glutin 
was  able  to  add  a  very  definite  moiety  of  iodine,  Oswald  suspected 
that  groups  other  than  tyrosine  must  be  involved  in  the  binding  of 
iodine.  He  tested  his  hypothesis  further  by  iodinating  two  fractions 
of  hydrolyzed  albumin  which  Pick  437  had  described  as  proto- 
albumose  and  hetero-albumose.  These  two  preparations  had  very 
similar  properties  and  bound  iodine  in  about  the  same  proportion, 
namely  12.3  per  cent  and  10.3  per  cent,  respectively.  As  seen  in 

Table  14,  however,  they  differed  considerably  in  their  constituent 
amino-acids. 

Thus,  the  high  iodine  content  of  the  iodinated  hetero-albumose 
could  not  be  accounted  for  by  tyrosine  and  therefore  one  or  more 
additional  amino-acids  must  participate  in  the  union 

Tins  hypothesis  was  advanced  on  a  quantitative  basis  by  Blum 
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and  his  scholastic  descendants,  first  by  Strauss  and  later  by  Bauer. 
Phenylalanine  and  tryptophane  were  eliminated  from  the  list  of 
possible  chemical  groupings;  and  when  Pauly  discovered  (1910)  427 
that  the  iminazol  ring  could  add  iodine,  the  theoretical  background 
of  the  problem  advanced  rapidly.  It  was  found  that  the  more  basic 


TABLE  14 

Modes  of  Linkage  of  Iodine  to  Protein 


Proto-albumose 

Hetero-albumose 

Few  di-amino  acids 

Many  di-amino  acids 

Little  or  no  leucine 

Much  leucine 

No  glycocoll 

Much  glycocoll 

Many  mono-amino  acids 

Few  mono-amino  acids 

Much  tyrosine 

Little  tyrosine 

Many  indol  complexes 

Few  indol  groups 

Easily  split  in  tryptic  digestion 

Difficult  to  split  with  trypsin 

Much  phenylalanine 

After:  E.  P.  Pick,  Ztschr.  f.  physiol.  Chem.  28:  219.  1899. 


the  iodinating  medium  the  more  iodine  could  be  added;  maximal 
iodination  yielded  a  tetraiodide.  It  was  shown  also  that  the  iodine 
atom  which  was  bound  to  nitrogen  could  be  removed  easily.  Although 
it  proved  impossible  to  iodinate  free  histidine,  it  was  possible  to 
prepare  tetraiodohistidine  anhydride  and  para  nitrobenzoyl  diiodo- 
histidine  which  served  as  structural  analogs. 


TABLE  15 


Iodine  Numbers  of  Some  Artificial  Iodoproteins 


A-value 

B-value 

C-value 

Iodo-ovalbumin  . 

.  .  ■  •  7-55 

5-12 

4-91 

Iodoserum  albumin  .... 

.  .  .  .  8.96 

6-73 

6.7 

Iodoserum  globulin  .  .  .  . 

.  .  .  .  8.3 

6.64 

4.96 

Iodothyroglobulin 

.  .  .  6.14 

4.88 

Iodocasein  . 

7-51 

7-51 

After:  F.  Blum  and  E.  Strauss,  Ztschr.  f.  physiol.  Chem.  112:  164.  1921 


N-l/C-l 


1:2 

i:3 

i:4 

1:4 

0:2? 


Blum  and  Strauss48  (1920)  treated  iodinated  proteins  with 
sulfurous  acid  and,  with  the  exception  of  iodocasein  were  ab  e  0 
remove  part  of  the  iodine  in  each  case..  They  name  t  is  moe  y 
N-iodine,  in  contradistinction  to  the  C-iodine  fraction  w  ic  was 
tightly  bound  by  tyrosine  in  carbon  linkage.  As  shown  in  Table  15, 
the  ratio  of  N-iodine  to  C-iodine  for  any  pure  protein  was  constant 
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and  characteristic.  The  maximal  iodination  value  they  called  the 
“A”  value;  when  such  substances  were  treated  with  sulfurous  acid 
the  nitrogen-bound  iodine  was  removed  to  yield  ‘‘B”-substances. 
As  shown  in  the  table,  these  B-substances  coincided  extraordinarily 
well  with  the  C-substances  obtained  by  direct  iodination,  thus 
corroborating  the  pioneer  work  of  Liebrecht  3"J  published  a  genera¬ 
tion  earlier. 

These  various  results  suggested  that  in  the  B-substances  iodine 
existed  only  in  carbon  linkage  (kernjod).  This  type  of  linkage  might 
include  diiodotyrosine  as  well  as  iodinated  histidine.  As  far  as 
histidine  was  concerned,  the  method  of  combination  remained 
mysterious  until  1936,  when  Bauer  and  Strauss 37  elucidated  the 
problem  from  the  results  of  careful  quantitative  analyses  of  the 
constituent  amino-acids  of  proteins.  These  data  have  led  to  a  work¬ 
ing  conception  of  the  mechanism  of  step-by-step  iodination  of  pro¬ 
teins,  which,  although  still  tentative,  serves  to  clarify  the  various 
facts  pertinent  to  the  problem.  The  main  points  in  this  general  con¬ 
ception  of  iodination  may  be  summarized  as  follows:  Experimentally, 
it  is  possible  to  attain  all  the  theoretical  iodine  numbers  of  a  protein, 
e.g.,  globin,  ranging  from  the  simple  iodination  of  the  two  inherent 
tyrosine  groupings  (binding  4  iodine  atoms)  to  the  complete  iodina¬ 
tion  of  both  tyrosine  and  histidine  (16  iodine  atoms  in  the  case  of 
globin).  In  cold  sodium  hydroxide  solution  the  highest  iodine  num¬ 
bers  were  attained  for  globin,  and  this  fact  substantiated  Pauly’s 
discovery  that  histidine  binds  iodine  more  readily  in  basic  solution. 
In  other  words,  histidine  could  be  considered  more  labile  in  alkaline 
medium,  and  consequently  might  be  iodinated  in  three  arbitrary 
steps,  depicted  as  follows:  (1)  Iodine  combines  with  the  imid  group; 
(2)  it  wanders  to  one  of  the  two  neighboring  carbon  atoms;  (j)  the 
released  imid  group  then  combines  with  another  iodine  atom.  The 
last  stage  represents  the  A-value  shown  in  the  table,  and  this  last 
iodine  can  be  removed  by  treatment  with  sulfurous  acid. 

It  is  impossible  to  review  in  detail  here  all  of  the  results  published 
by  Blum’s  academic  family,36  but  a  few  striking  features  can  be  men¬ 
tioned.  Whereas  the  iodine  numbers  of  egg  albumin,  serum  albumin 
and  serum  globulin  could  be  explained  satisfactorily  by  conversion 
°  their  inherent  tyrosine  to  diiodotyrosine,  on  the  other  hand  globin 
could  add  much  more  iodine,  presumably  because  diiodohistidine 
was  formed.  From  nitroglobin  an  iodoprotein  was  obtained  which 
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still  retained  one  nitro  group  in  the  tyrosine  ring;  its  iodine  number 
was  only  three-quarters  that  of  completely  iodinated  globin.  This 
value  (5.8  per  cent  iodine)  was  stoechiometrically  equal  to  the 
histidine  present  (7.6  per  cent).  Thus  one  obtained  a  depleted 
A-substance  in  which  no  tyrosine  was  substituted  with  iodine.  As 
further  proof  of  this  hypothesis,  it  was  found  38  that  neither  the 
A-substance  nor  this  depleted  A  (nitro-)  compound  could  be  di¬ 
gested  by  pepsin.  Nevertheless,  since  both  of  these  A-substances 


TABLE  16 


The  Theoretical  Stepwise  Addition  of  Iodine  to  Globin 


Computed 

No.  of 

I  atoms 

Iodine  % 

added 

Notes 

101.08  g.  iodoglob.  contain 
102.16  g 
103.23  g 
104.31  g 

105-34  g 

106.37  g 

107-39  g 
108.42  g 

10945  g 

110.48  g 

in-51  g 
112.54  g 
113-56  g  “ 

H4-59  g 
115.62  g 
116.65  g 


1.086  g. 

iodine 

1.07 

2-173  g 

U 

2.13 

3-259  g 

u 

3.16 

4-345  g 

u 

4.17 

5-382  g 

u 

5-1 1 

6.418  g 

u 

6.03 

7-455  g 

u 

6.94 

8.491  g 

u 

7-83 

9-528  g 

u 

8.71 

10.564  g 

u 

9-56 

11. 601  g 

u 

10.40 

12.637  g 

u 

11-23 

I3-674  g 

u 

12.04 

14.710  g 

« 

12.84 

15-747  g 

u 

13.62 

16.783  g 

1C 

14-39 

Tyrosine 
no. 

5 

6 

7 

8 


9 

'Highest 

10 

C-Iod.  no. 

11 

(“B”-value) 

12 

13 

14 

15 

'Max.  I  no. 

16 

(C-I+N-I) 

(“A”-value) 

From:  H.  Bauer  and  E.  Strauss,  Biochem.  Ztschr.  284:  200.  1936. 

contained  nitrogen-bound  iodine,  it  was  predicted  that  sulfurous 
acid  would  remove  this  latter  iodine,  and  that  then  the  resulting 
compounds  would  be  split  by  pepsin.  This  was  actually  found  to  be 
the  case!  In  short,  the  chemists’  picture  of  the  iodination  of  globin 
involved  (a)  initial  iodination  of  tyrosine,  followed  by  ( b )  iodination 
of  histidine  (carbon  linkage  through  nitrogen),  followed  by  (c)  iodi- 
nation  of  the  liberated  NH  group  of  histidine.  This  progressive 
iodination  of  histidine  is  illustrated  by  the  theoretically  computed 
values  for  iodine  content  shown  in  Table  16  which,  as  stated  above, 
Bauer  and  Strauss  have  in  fact  been  able  to  duplicate  experimenta  y. 
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This  picture  advanced  by  Bauer  and  Strauss  is  by  no  means 
complete  For  example,  it  does  not  explain  why  all  known  proteins 
except  globin  can  add  iodine  only  to  the  imid  group  of  histidine  It 
does  not  explain,  further,  why  histidine  adds  only  one  iodine  atom 
to  carbon.  Possibly  the  answer  to  these  questions  involves  the  prop¬ 
erties  of  zwitterions  formed  by  the  histidine  in  protein  combination, 
but  this  remains  a  mere  suggestion.  At  any  rate,  this  careful  quan¬ 
titative  work  has  laid  down  a  rational  basis  for  the  formation  o 
iodinated  albuminous  compounds,  which  have  been  shown  to  have 
profound  endocrinological  effects  and  immunological  properties. 


Split  Products  of  Iodoprotein 

If  one  starts  with  an  iodoprotein  made  from  mammalian  blood 
serum,  or  from  partially  purified  serum  albumin  solution  which  has 
been  iodinated  with  compound  solution  of  iodine  according  to  the 
procedure  of  Wormall,582  one  obtains  within  a  short  time  an  iodo¬ 
protein  which  may  contain  more  than  18  per  cent  of  iodine.  The 
protein  can  be  separated  and  purified  by  repeated  precipitation  at 
its  isoelectric  point  near  pH  5.0.  This  technique  has  been  described 
at  length  by  Lerman  and  Salter.321  One  thus  obtains  from  a  natural 
circulating  protein,  by  a  very  simple  chemical  procedure,  an  iodo¬ 
protein  which  bears  many  resemblances  to  natural  thyroglobulin, 
although  the  similarities  are  by  no  means  complete.  This  material 
can  be  separated  into  “T”  and  “D”  fractions;  indeed,  this  separation 
may  be  achieved  either  by  acid  hydrolysis,  by  alkaline  hydrolysis  or 
through  the  action  of  proteolytic  enzymes.  As  shown  in  Figure  4, 
by  using  pepsin,  trypsin  and  alkali  successively,  one  can  split  down 
the  protein  molecule  in  stages,  so  that  one  prepares  first  a  “T”  pep¬ 
tone  and  a  “D”  peptone,  then  a  “T”  peptide  and  a  “D”  peptide 
fraction,  and,  ultimately,  one  arrives  at  mixtures  of  “T”  amino-acids 
and  “D”  amino-acids.  In  all  these  cases  the  “T”  fraction  shows 
minimal  solubility  near  pH  5.0,  whereas  the  “D”  peptone  is  rela¬ 
tively  soluble  over  the  entire  range  of  acidity.  The  precise  biological 
activity  of  these  fractions  will  be  discussed  in  a  later  chapter,  but,  in 
general,  endocrine  activity  similar  to  thyroid  hormone  remains  in 
the  “T”  fraction  at  each  of  these  successive  stages.  Indeed,  from 
iodocasein  Ludwig  and  Mutzenbecher  344  have  finally  isolated  crystal¬ 
line  thyroxine.  As  this  fractionation  proceeds,  the  iodine  in  the  “D” 
fraction  does  not  change  significantly  until  the  peptide  level  is 
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reached.  In  the  amino-acid  level,  however,  even  crude  mixtures  of 
material  contain  25  per  cent  of  iodine,  and  on  simple  purifica¬ 
tion,  such  as  extraction  with  alcohol  or  acetone,  this  percentage 
rapidly  increases  to  over  40  per  cent. 
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Fig.  4.  Diagrammatic  reprcacutaxiv**  v* 
hydrolysis  to  peptones,  peptides  and  amino-acids. 

From:  J.  Lerman  and  W.  T.  Salter,  Endocrinology,  25\  7M>  *939- 
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If  one  compares  the  behavior  of  this  iodinated  blood  protein  with 
that  of  natural  thyroglobulin,  as  fractionated  by  Haiington  and 
Salter,229  one  notes  at  once  that  the  difference  between  the  two 
protocols  has  chiefly  to  do  with  the  much  higher  percentages  of 
iodine  involved  in  the  case  of  the  serum  protein.  In  other  words,  the 
nitrogen:  iodine  ratios  for  the  split  products  of  the  iodo-albumin  are 
much  lower  than  for  thyroglobulin.  This  same  discrepancy  holds 
also  for  the  pharmaceutical  activity  of  the  preparations  when  tested 
in  athyreotic  rabbits  or  in  clinical  cases  of  human  myxedema.  Never¬ 
theless,  the  response  of  the  human  myxedema  syndrome  to  this 
artificial  iodoprotein  is  complete  and  classical  in  every  respect. 
Indeed,  recently  Lerman  and  Salter  321  have  observed  the  induction 

of  an  Addison’s  crisis  in  a  patient  whose  inadequate  adrenal  cortical 

• 

function  was  completely  masked  by  the  obvious  picture  of  myxe¬ 
dema.  This  effect  is  exceedingly  characteristic  of  natural  thyroid 
medication  (cf.  Chapters  VI  and  XI),  and  indicates  simply  that  this 
iodo-albumin  is  able  to  produce  nearly  lethal  endocrine  imbalance 
under  precisely  the  same  circumstances  that  natural  thyroid  does. 
Consequently,  it  is  clear  that  the  artificial  protein  may  be  considered, 
qualitatively  at  least,  as  a  bona  fide  preparation  of  the  thyroid 
hormone.79  (Cf.  J.  H.  Means,  Tr.  Assn.  Am.  Phys.,  1940.) 

In  fact,  when  the  iodo-albumin  is  split  into  small  fragments  the 
discrepancy  in  activity  between  it  and  natural  thyroglobulin  tends 
to  become  smaller.  Because  of  the  large  amount  of  inert  iodine 
originally  introduced  into  the  serum  protein,  the  activity  of  the 
iodoprotein  is  only  about  one  four-hundredth  that  of  whole  thyroid 
in  terms  of  iodine  content,  but  even  at  this  stage,  in  terms  of  total 
mass,  the  iodoprotein  is  already  about  one-fifth  as  active  as  natural 
thyroglobulin.  After  the  elimination  of  the  “D”  peptone  the  first 
ratio  becomes  about  1  to  200  and,  in  terms  of  mass,  the  acid- 
insoluble  peptone  becomes  about  half  as  active  as  natural  thyro- 
globuhn.  Further  hydrolysis  with  baryta,  a  procedure  similar  to 
the  standard  method  for  obtaining  thyroxine  from  thyroglobulin 
finally  yields  a  product  which  is  about  one  thirty-fifth  as  active  as 
thyroglobulin  in  terms  of  iodine  or,  in  terms  of  mass,  about  as  active 
as  crystalline  dnodothyronine,  namely,  about  5  per  cent  as  active  as 

myxedema.*"  *  “* iUUStrated  characteristic  responses  in  human 

Inasmuch  as  material  of  this  sort  can  be  made  at  physiologically 
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normal  pH  values,  within  a  very  few  minutes  in  vitro ,  the  suggestion 
at  once  arises  that  some  such  process  occurs  in  the  gland  itself  under 
enzymic  influence.  This  thought  leads  to  several  subsidiary  prob¬ 
lems:  (a)  does  thyronine  exist  preformed  in  serum  protein  as  an 
essential  amino-acid,  awaiting  iodination?  ( b )  does  the  process  of 
iodinating  the  protein  also  change  molecular  configuration  so  as  to 


Fig  <  Metabolic  response  of  three  patients  with  myxedema  and  one  with  cretinism 
receiving  an  alkaline  (baryta)  hydrolysate  of  iodinated  serum  protein.  The  heavy 
solid  line  is  a  standard  curve  of  reference  representing  the  metabolic  response  to 
daily  administration  of  thyroxine  polypeptide  containing  0.5  mg.  of  iodine. 

From:  W.  T.  Salter  and  J.  Lerman,  Trans.  Assn.  Am.  Phys.  53.  204.  1938. 


produce  physiological  activity?  (c)  can  the  thyroidless  orgamsm 
synthesize  iodothyronine  molecules  from  other  iodinated  residues? 
Harington225  has  recently  pointed  out  that  the  genesis  of  thyroid 
activity  under  the  conditions  just  mentioned  is  extremely  mystifying 
and  this  problem  has  already  aroused  a  good  deal  of  speculation  from 
the  leading  biochemists  of  our  day.  As  a  physiological  by-product  o 
this  discussion,  there  arises  the  possibility  also  that  the  thyroid  glan 
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does  not  manufacture  hormone  de  novo ,  but  that  it  merely  concen¬ 
trates  and  stores  iodinated  materials  which  are  already  pre-existent 
in  the  circulating  blood.  At  any  rate,  these  observations  are  dis¬ 
tinctive  in  bridging  the  gap  between  nutrition  and  endocrinology  by 
a  mechanism  which  can  be  described  in  terms  of  familiar  classical 

chemistry.  (Cf.  P.  Block,  Jr.,  1940*) 

Peptones  and  Plasteins  of  Thyro globulin.  As  shown  by  Harington 


From:  W.  T.  Salter  and  J.  Lerman,  Endocrinology,  20:  802.  1936. 


and  Salter, it  is  possible  to  split  down  natural  thyroglobulin  into 
active  and  inactive  “T”  and  UD”  proteolytic  fragments;  the  endo¬ 
crine  activity  remains  largely  with  the  “T”  moiety  in  each  case. 
Salter  and  Lerman  have  pursued  this  partition  further  by  digest¬ 
ing  natural  human  thyroglobulin  with  pepsin.  As  shown  in  Fig  6 
the  natural  iodoprotein  yields  a  diiodotyrosine  peptone  which ’re¬ 
mains  soluble  at  pH  5.0.  This  material  is  small  enough  to  pass 
through  a  cellophane  membrane  (No.  300  plain).  By  this  ultra 
filtration  (under  pressure)  unsplit  protein  impurity  is  filtered  0" 
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and,  with  it,  also  impurities  belonging  in  the  “T”  fraction  which  are 
held  back  by  “adsorption’  on  the  retained  colloid.  In  this  way  one 
obtains  a  solution  of  diiodotyrosine  peptone  which  is  inert  when 
fed  to  myxedema  patients,  even  in  large  doses.  For  example,  whereas 
0.5  mg.  of  iodine  in  the  form  of  natural  thyroglobulin  produced 
rapid  recovery  of  the  patient,  i.e.,  a  standard  response  in  two  weeks’ 
time,  when  five  to  seven  times  this  dosage  was  administered  in  the 
form  of  the  filtered  peptone,  Salter  and  Lerman  failed  to  detect  a 
response  in  any  of  three  patients  so  tested.  These  observations 
therefore  indicated  that  the  diiodotyrosine  peptone,  when  pure,  had 
a  negligible  effect  in  human  myxedema.  On  the  other  hand,  it  is  of 
technical  interest  that  if  the  peptone  were  not  filtered  first,  it  con¬ 
tained  enough  unsplit  protein  or  “T”  fraction  so  that  a  daily  dose  of 
3.0  to  3.5  mg.  of  iodine  produced  a  satisfactory  recovery  in  typical 
human  myxedema. 

Having  thus  separated  from  the  natural  colloid  a  large  portion 
of  the  native  protein  in  peptone  form,  Salter  was  able  then  to  re¬ 
combine  the  fragments  to  produce  an  artificial  protein  prepared 
through  enzymic  synthesis.  The  method  used  was  suggested  many 
years  ago  by  Danilewski 119  and  further  studied  by  Abderhalden  in 
connection  with  studies  on  the  natural  production  of  body  protein. 
The  technique  was  improved  further  by  Wasteneys  and  Borsook,564 
who  published  a  rather  elaborate  mathematical  rationale  for  the 
effect.  A  modification  of  this  procedure  was  used  by  the  author  407 
to  prepare  an  artificial  thyroid  protein  or  plastein  from  the  purified 
diiodotyrosine  peptone  just  described.  Briefly  stated,  crystalline 
pepsin  was  employed  as  an  enzyme  to  catalyze  the  recombination  of 
proteolytic  split  products,  a  reaction  which  is  determined  by  such 
conditions  as  concentration,  solubility  and  temperature.  The  result 
was  an  artificial  albuminous  colloid  which  contained  approximately 
0.2  per  cent  iodine  and  14  per  cent  nitrogen.  This  material  showed 
many  properties  in  common  with  the  natural  thyroid  protein.  It 
was  precisely  as  active  as  the  natural  product,  both  in  terms  of 
nitrogen  or  iodine  and  in  terms  of  total  mass.  It  relieved  human 
myxedema  promptly  and  in  characteristic  fashion.  Furthermore,  on 
treatment  with  pepsin  in  strong  mineral  acid,  it  again  split  up  into 
“T”  and  “D”  fractions.  The  chemical  properties  of  the  two  proteins, 

artificial  and  natural,  are  compared  briefly  in  Table  17.  .  . 

Of  course,  the  possible  presence  of  traces  of  thyroxine  impurity  in 
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the  diiodotyrosine  preparation  after  purification  made  it  essential  to 
control  carefully  this  source  of  error.  This  was  particularly  true 
because  when  this  work  was  done  most  biochemists  were  extiemely 
skeptical  that  iodinated  nondescript  protein  could  have  the  proper¬ 
ties  of  thyroglobulin  in  any  degree.  Accordingly,  Salter  and 
Lerman  470  proposed  an  arithmetical  balance  sheet  to  answer  two 
pertinent  questions:  (a)  could  the  effect  of  artificial  protein  rep¬ 
resent  merely  a  quantitative  precipitation  of  thyroxine  impurity 
from  the  solution  of  diiodotyrosine  peptone?  and  ( b )  could  the 


TABLE  17 

Comparative  Properties  of  Artificial  Thyroid  Protein  and 
Natural  Thyroglobulin 


Artificial  protein 

Natural  protein 

Iodine  content 

0.2  ±  per  cent 

0.2  ±  per  cent 

Nitrogen  content 

13  per  cent 

15  per  cent 

Isoelectric  point  (denatured) 

pH  5-5 

pH  5.0 

Dialysis 

80  +  per  cent  not 

95  +  per  cent  not 

diffusible 

diffusible 

Biuret  reaction 

Precipitation  by  2  per  cent 

++ 

++ 

trichloracetic  acid 

++ 

++ 

Digestion  by  pepsin 

Solubility  in  0.01  normal 

H — b 

++ 

NaOH 

Apparent  thyroxine  iodine 

++ 

++ 

moiety 

13-3  5  per  cent 

25  ±  per  cent 
(Boston) 

Molecular  weight 

18,000  ± 

695,000  (Heidelberger 
and  Svedberg) 

From:  W.  T.  Salter  and  J.  Lerman,  New  England  J.  Med.  216:  374.  1937 


effect  of  artificial  protein  be  accounted  for  by  its  thyroxine-like  frac¬ 
tion  alone?  For  purposes  of  calculation  the  ultrafiltered  diiodotyro¬ 
sine  peptone  described  by  Salter  and  Pearson  474  was  used.  The 
material  was  analyzed  for  apparent  thyroxine  iodine  in  two  labora¬ 
tories  and  values  were  obtained  as  follows:  in  the  diiodotyrosine 
peptone  1  to  2  per  cent,  and  in  the  artificial  protein  12  to  13  per 
cent.  On  the  basis  of  these  values,  the  following  calculation  was  made- 


De“r,/-  Gr<T!n?  ?  ?.  per  cent  thyroxine  impurity  in  the  diiodotyrosine 
P  P  one,  the  dose  of  total  iodine  required  to  give  a  standard  0.5  mg.  amount  of 

thyroxine  daily  would  be  —  =  25  mg.  From  such  a  25  mg.  portion  there  was 
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obtained  a  15  per  cent  yield  in  the  form  of  artificial  protein,  i.e.,  3.75  mg.  of 

3*75 

iodine.  Thus,  the  actual  yield  obtained  was  sufficient  to  treat - =  7+  patients 

o-5 

instead  of  1.  Consequently,  mere  precipitation  of  a  thyroxine  impurity  could  not 
account  for  the  observed  activity  obtained  by  enzymic  synthesis. 

Calculation  II.  The  standard  daily  dose  of  artificial  protein  used  contained 
0.5  mg.  of  total  iodine.  This  was  equivalent  to  0.5  X  0.125  =  0.06  mg.  of  thy- 
roxine-like  iodine.  Accordingly,  as  stated  above,  three  patients  were  treated  with 
°.°6 

- =  3  mg.,  or  a  sixfold  daily  dose  of  diiodotyrosine  peptone  containing 

0.021 

0.06  mg.  of  possible  thyroxine  iodine  impurity.  These  patients  showed  absolutely 
no  relief.  Furthermore,  when  thyroxine  peptone  itself  was  resorted  to  and  given 
in  a  daily  dose  of  0.5  X  0.15  =  0.07  mg.  of  iodine  to  a  patient  with  full-blown 
myxedema,  there  was  practically  no  effect  or  at  best  a  debatable  one. 

Consequently,  the  activity  of  the  artificial  protein  was  much 
greater  than  its  thyroxine-like  fraction  alone.  In  a  later  chapter  it 
will  be  shown  that  this  is  true  also  of  natural  thyroglobulin,  when 
used  to  treat  human  myxedema. 

Organic  Iodine  Compounds  in  Renal  Clearance 

In  recent  years  clinical  studies  of  renal  clearance  have  involved 
the  use  of  organic  iodine  compounds  which  originally  were  used  for 
x-ray  purposes.  For  some  years  compounds  of  the  sort  known  as 
iopax  or  uroselectan  have  been  used  to  visualize  the  renal  pelvis  and 
related  structures  after  the  absorption  of  this  material  into  the 
circulation.  The  convenience  and  advantages  of  this  direct  pyelogra¬ 
phy  are  well  known  to  clinicians.  The  development  of  this  roent¬ 
genological  technique  ultimately  led  to  the  finding  that  the  organic 
iodine  compounds,  diodrast  and  hippuran,  have  the  highest  clearances 
in  the  human  kidney  of  any  known  substance.  Indeed  these  clear¬ 
ances  are  ten  times  greater  than  the  urea  clearance  and  over  five 
times  greater  than  the  inulin  clearance.51-  These  two  substances, 
together  with  iopax,  neo-iopax,  and  skiodan,  were  tested  as  shown 
in  Table  18.  All  of  them  are  excreted  in  part  by  the  renal  tubules  of 
the  human  kidney;  all  of  them  depress  the  phenol  clearance  as  their 
plasma  concentration  increases.  Apparently  all  these  substances  are 
excreted  by  a  common  cellular  mechanism,  and  consequently,  they 
are  of  great  help  in  the  evaluation  of  renal  activity.  In  addition  to 
being  filtered  through  the  glomeruli,  they  are  copiously  excreted  by 
the  renal  tubules.  Consequently,  when  the  plasma  concentration 
reaches  a  point  where  the  excretory  mechanism  of  the  renal  tubules 
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is  functioning  at  maximum  capacity,  the  rate  of  tubular  excretion 
can  be  used  to  estimate  the  total  active  mass  of  tubular  tissue  which 

can  still  function. 

In  calculating  this  maximal  rate  of  excretion,  it  is  necessary  to 
correct  for  the  fraction  which  is  normally  excreted  by  the  glomeruli 
and  also  for  the  fraction  which  is  bound  to  the  plasma  proteins. 
When  these  corrections  are  made,  the  excretion  of  these  iodine 


TABLE  18 

Organic  Iodine  Compounds  in  Renal  Clearance 


Approximate 
per  cent  de¬ 
pression 
effected  by 
1.0  mM.  per 
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Per  cent  free  t 

On  self-clearance 

On  simultaneous 

phenol  red 

clearance 

Diodrast  .  . 

.  .  3,5-diiodo-4*pyridone-N- 
acetic  acid 

6.0 

0.3 

72 

50 

85 

Hippuran  .  . 

.  .  Sodium  ortho-iodohip- 
purate 

54 

0.6 

30 

25 

80 

Iopax  . 

.  .  Sodium  2-oxo*5-iodopyri- 
dine-N-acetate 

5-0 

0.2 

56 

65 

75 

Neoiopax  .  . 

..  Disodium  N-methyl-3 15- 
diiodo-4-pyridoxyl-2 :6- 
dicarboxylate 

1.2 

0.01 

74 

25 

55 

Skiodan  .  .  . 

.  .  Sodium  mono-iodomethane 
sulphonate 

1.2 

>0.1 

82 

±5 

±5 

maximal  rate  of  tubular  excretion.  The  data  on  diodrast  and  hippuran  are  quoted  from 
Simth,  Goldring,  and  Chasis.  J.  Clin.  Investigation,  17:  263.  1938 

taining^pe^cfnt  amuSn6116^16  ^  3  ^  concentration  of  10  mg.  Per  cent,  in  human  plasma  con- 
From:  W.  W.  Smith  and  H.  A.  Ranges,  Am.  J.  Physiol.,  123 :  723.  1938. 


compounds  affords  a  very  convenient  method  of  estimating  residual 
active  kidney,  and  such  clearances  promise  great  usefulness  in  the 
diagnosis  and  prognosis  of  renal  disease.  Because  these  substances 
contain  large  percentages  of  iodine,  their  concentration  in  blood  and 
urine  may  be  estimated  readily  with  an  error  of  only  about  2  per 
cent.  Because  the  Groak  method,207  as  described  in  the  Appendix 
can  be  used  directly  with  some  of  these  substances  without  prelimi¬ 
nary  ashing,  the  iodine  in  these  substances  can  be  measured  easily 
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Therefore,  they  are  very  convenient  for  measurement  of  renal 
function  and  yield  results  of  far  more  fundamental  significance 
than  the  simple  use  of  iodide  as  mentioned  in  Chapter  IX. 

Apart  from  their  iodine  content,  several  of  these  substances  seem 
to  be  completely  unrelated,  and  it  is  not  known  at  present  why  they 
behave  so  similarly  when  excreted  through  the  kidney.  It  seems 
likely  that  homologous  series  of  these  compounds  will  be  developed 
for  the  express  purpose  of  measuring  renal  function  and,  in  par¬ 
ticular,  tubular  excretory  mass  in  human  cases.  It  will  be  recalled 
that  these  substances  and  their  use  are  partly  an  outgrowth  of  the 
iodosulfonphenolphthalein  test  used  now  for  many  years  in  the  ex¬ 
amination  of  the  gall  bladder  after  the  initial  researches  of  Whitaker, 
and  of  Graham  and  Cole.203  Although  the  latter  types  of  sub¬ 
stances  are  high  in  iodine  and  are  of  great  value  because  of  their 
opacity  to  x-rays  in  visualizing  the  gall  bladder,  they  do  not  con¬ 
cern  us  here  from  the  standpoint  of  iodine  metabolism  because  direct 
estimation  of  their  iodine  content  usually  is  not  used  in  any  well  recog¬ 
nized  type  of  physiological  or  clinical  investigation. 


CHAPTER  IV 


CIRCULATING  IODINE 

Iodine  in  Respired  Air 


The  atmosphere  of  lowlands  near  the  sea  may  contain  0.4  gamma 
iodine  per  liter,  so  that  a  man  conceivably  might  inhale  from  3  to  5 
gamma  daily.  Consequently,  it  is  difficult  to  estimate  iodine  truly 
excreted  by  respiration.  By  actual  measurement  a  man  can  exhale 
10  gamma  in  24  hours,  i.e.,  25  per  cent  of  the  total  excreted.480  Pre¬ 
sumably  this  iodine  is  largely  in  the  form  of  iodide.  Szasz  534  found 
as  much  as  24  to  33  gamma  exhaled  per  day  in  a  mountain  atmos¬ 
phere  which  was  essentially  iodine  free,  but  this  larger  amount  may 
be  related  to  the  large  water  excretion  by  the  lungs  at  high 
atmospheres. 


Iodine  in  Cerebrospinal  Fluid  and  in  Lymph 

The  nature  of  the  iodine  in  cerebrospinal  fluid  is  still  unsettled. 
Its  concentration  is  lower  than  that  of  whole  blood.  The  following 
pairs  of  comparative  values  are  given  in  gamma  per  cent  for  blood 
and  spinal  fluid,  respectively:  10.6  and  7.4;  214  15  and  10;  245  7.7  and 
2. 381  It  is  likely  that  the  cerebrospinal  fluid  contains  no  thyroid 
hormone,381  but  further  study  is  needed. 

Exogenous  Iodide  in  Cerebrospinal  Fluid  and  in  Lymph.  There 
are  almost  no  data  at  present  on  the  influence  of  doses  of  iodine  small 
enough  to  approach  physiological  conditions.  When  large  therapeutic 
doses  are  given,  however,  there  is  unquestionably  a  prompt  rise  in 
iodine  in  the  cerebrospinal  fluid,  although  of  much  smaller  magnitude 
than  that  in  the  blood.  For  example,  the  administration  of  half  a 
gram  of  potassium  iodide  increases  blood  iodine  to  1424  gamma  per 
cent  within  two  hours,  whereas  the  spinal  fluid  iodine  rises  onlv 
to  47  gamma  per  cent.214  In  certain  fevers  and  in  carbon  monoxide 
poisoning  the  concentration  may  increase  by  as  much  as  102  gamma 
per  cent  after  the  administration  of  iodide.  When  the  drug  is  forced 

‘  i’  ,  oses  0  4  grams  by  mouth  or  20  grams  intravenously  the 
spinal  fluid  may  contain  from  1.8  to  2.8  mg.  per  cent  of  iodfne  419 
hese  concentrations  are  of  pharmacological  interest  only,  but  they 
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show  that  iodide  may  diffuse  readily  throughout  body  fluids  if  the 
blood  concentration  is  very  high. 

The  lymph  contains  an  appreciable  quantity  of  iodine,499  but 
the  mechanism  which  governs  its  concentration  remains  obscure. 
The  puzzling  fact  is  that  dogs  whose  blood  iodine  is  from  io  to  18 
gamma  per  cent  yield  thoracic  duct  lymph  which  contains  42  gamma 
per  cent.  Furthermore,  when  the  animals  are  fed  plenty  of  milk, 
values  of  from  290  to  378  gamma  per  cent  are  found.  Together, 
these  findings  suggest  that  the  high  concentration  in  the  thoracic 

TABLE  19 


Distribution  of  Iodine  and  Thiocyanate  in  Tissue  and  Blood 
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0.24 
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0.23 
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0.20 

Skin  .  .  . 
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0.66 

0.50 
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0-35 

0.48 
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0-73 

O.72 
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0.716 
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0.18 
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0.16 

0.17 

Spleen  . 
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0.32 

0-35 
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i-35 

0.44 

0.51 

From: 

G.  B.  Wallace 

and  B.  B. 

Brodie, 

J.  Pharmacol. 

and  Exper.  Therap.  61: 

405- 

1937- 

duct  is  due  to  contributions  of  iodine  from  the  intestine  and  the  liver. 

As  to  the  peripheral  lymph,  there  is  a  dearth  of  direct  evidence. 
Indirect  evidence  is  available,  however,  in  studies  of  the  distribution 
of  administered  iodide  and  thiocyanate  in  comparison  with  chloride. 
These  data  have  been  reviewed  by  Wallace  and  Brodie  ',c3  and  sup¬ 
plemented  with  analyses  of  blood,  of  serum  and  of  cystic  and  tran¬ 
sudate  fluids.  In  general,  the  relative  concentration  of  the  three 
anions  is  similar,  provided  the  results  are  expressed  in  terms  of 
appropriate  ratios,  i.e.,  tissue/blood  or  tissue/serum  *  Consequently 
iodides,  like  chlorides,  are  probably  distributed  mostly  m _  extra¬ 
cellular  fluid  as  described  by  J.  P.  Peters  in  Body  Water,  t 

.  A  notable  exception  is  the  brain,  in  which  chloride  occurs  in  much  larger  relative 
amounts.  .  .  .  „  •  .jm:n;etprn(i  some  of  the  iodine 

,  * .....  - 

Leistner  (Klin.  Wchnschr.  8:  117.  1929)- 
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j 

Obviously,  the  extracellular  water  must  normally  also  contain 
thyroid  hormone,  but  it  has  not  been  measured  directly.  As  shown 
in  Tables  19  and  20  the  relative  concentration  of  these  three  10ns 
was  the  same  except  for  the  brain,  which  accumulated  much  more 
chloride  proportionately.  Accordingly,  it  seems  likely  that  most  of 
the  circulating  iodide  is  distributed  in  extracellular  fluid,  just  as 
chloride  is.  Of  course,  this  statement  applies  only  to  concentrations 


TABLE  20 

Calculation  of  Body  Fluid  of  Various  Organs  in  which  Iodide 
and  Chloride  are  Distributed 

Per  cent  interstitial  fluid 
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From:  G.  B.  Wallace  and  B.  B.  Brodie,  J.  Pharmacol,  and  Exper.  Therap.  61:  407-408.  1937 


of  iodide  such  as  are  reached  after  therapy  with  preparations  like 
Lugol  s  solution.  In  the  vanishing  physiological  concentrations, 
obviously  some  organic  iodine  must  permeate  body  cells  and  extra¬ 
cellular  fluids  in  the  form  of  thyroid  hormone.  The  similarity  of 
distribution,  however,  of  iodide,  chloride  and  thiocyanate  makes  a 
selective  chemical  or  physical  relationship  of  iodide  to  tissue  cells 
improbable.  Similarly,  even  in  transudates  or  cystic  fluids  which 
occur  m  pathological  conditions,  iodides,  like  thiocyanates,  are  dis¬ 
tributed  in  a  manner  similar  to  chloride. 
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Thus  iodide,  thiocyanate,  and  chloride  were  all  estimated  simul¬ 
taneously  in  serum  and  transudates  or  cystic  fluid.  For  one  guinea 
pig  the  paired  values  for  serum:  fluid  (in  milligrams  per  cc.)  were 
0.147  :  0.140  for  iodide;  similarly  0.196  :  0.192  for  thiocyanate;  and 
4.28  :  4.31  for  chloride.  Homologous  values  for  another  guinea  pig 
were  for  iodide  0.1 51  :  0.142;  for  thiocyanate  0.212  :  0.218;  and  for 
chloride  3.94  :  4.15.  In  a  human  case,  the  ratio  for  iodide  was 
0.077  :  0.073  and  for  chloride  3.50  :  3.60. 

The  lymph  of  normal  and  of  goitrous  thyroids  has  been  the  subject 
of  a  long  controversy.  At  present  it  is  impossible  to  formulate  a 
final  answer  to  the  problem,  which  is  confused  by  two  general  types 
of  conflicting  evidence.  As  an  example  of  the  first  may  be  cited 
the  classical  finding  of  Hektoen,  Carlson,  and  Schulhof  235  that  lymph 
collected  from  the  main  vessel  leading  from  the  thyroid  of  goitrous 
dogs  consistently  showed  a  positive  precipitin  test  for  thyro- 
globulin.  Unfortunately,  these  results  have  not  been  confirmed 
invariably,  and  the  test  is  not  specific  for  thyroid  hormone.  An 
example  of  the  second  type  is  the  work  of  Williamson,  Pearse, 
and  Cunnington,576  who  separated  “secretion”  (or  “hyperplastic”) 
tissue  from  “colloid”  tissue.  Although  this  evidence  was  accumu¬ 
lated  for  the  purpose  of  proving  a  dual  function  of  thyroid  tissue, 
in  the  present  connection  it  provides  direct  analyses  of  thyroid 
parenchyma  during  a  period  of  marked  cellular  activity.  The  great 
majority  of  200  samples  of  “secreting”  tissue  showed  no  iodine  and 
no  biological  activity  (by  tadpole  test).  Taken  altogether,  the  pre¬ 
ponderance  of  negative  evidence  on  the  presence  of  thyroid  secretion 
in  thyroid  lymph  forces  one  to  the  verdict  of  “not  proved.” 

Iodine  in  Milk 

In  the  normal  lactating  animal,  considerable  quantities  of  iodine 
are  secreted  by  the  breast.106  In  the  first  day  of  human  puerperium 
the  colostrum  yields  only  2  to  5  gamma  iodine  in  24  hours,'  but 
the  iodine  concentration  ranges  from  8  to  45  gamma  per  cent.139’15- 105 
When  lactation  is  established,  from  20  to  47  gamma  iodine  may 
appear  in  24  hours  in  a  concentration  of  8  to  12  gamma  per  cent. 
Thus  the  monthly  excretion  of  iodine  amounts  to  from  2.5  to  3.5 
mg.552  The  chemical  status  of  this  iodine  is  not  clear.  The  major 
part  of  milk  iodine  is  attached  to  organic  material,  either  by  chemical 
combination  or  possibly  by  adsorption.168  Studies  of  lactating  cattle 
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have  shown  that  iodine  in  the  milk  varies  with  the  season  and  with 
the  type  of  fodder.  Seacoast  pasturage  increases  the  milk  iodine. 
There  is  much  less  iodine  in  butter  fat  than  in  skimmed  milk.  The 
nursing  infant  does  not  receive  thyroid  hormone  by  way  of  the 
milk,124  nor  does  the  milk  yield  a  thyroxine-like  fraction  after 
hydrolysis.151  Iodide  feeding  increases  iodine  in  the  whey.4"3 


Iodine  in  Sweat  and  Saliva 

Iodine  is  excreted  by  the  skin  in  variable  amounts;  data  are  not 
available  on  variations  in  concentration.  In  profuse  sweating  the 
total  in  sweat  may  be  over  30  per  cent  of  the  total  iodine  excieted. 
On  the  other  hand,  Szasz  534  found  practically  no  cutaneous  excretion 
in  the  mountains  at  1000  meters’  elevation. 

The  concentration  of  iodine  in  saliva  may  vary  from  o  to  362 
gamma  per  cent,499  but  the  total  amounts  excreted  by  this  channel 
are  small.  After  the  therapeutic  administration  of  iodine,  high  con¬ 
centrations  appear  in  the  saliva  within  a  few  minutes. 


Blood  Iodine 

Physiological  Range.  It  has  been  clear,  at  least  since  the  work  of 
Kendall  and  Richardson,278  that  normal  blood  contains  iodine  in 
a  characteristic  concentration.*  Normally,  this  amount  is  rarely 
less  than  5  gamma  per  cent  or  more  than  20  gamma  per  cent,  as 
recorded  by  the  majority  of  methods  now  available.139,  p- 91  The  blood 
of  various  animals  is  similar  to  that  of  man.  Of  course,  the  con¬ 
centration  is  subject  to  fluctuation.380  The  level  is  increased  some¬ 
what  by  an  iodine-rich  diet;  indeed,  therapeutic  doses  of  iodides 
(e.g.,  1  gram  of  sodium  iodide)  may  raise  the  level  temporarily  to 
several  hundred  gamma  per  cent.  Likewise,  a  diet  of  iodine-rich 
foods,  especially  marine  fish  and  seaweeds,  increases  the  blood  level. 
Sturm  and  Buchholz,529  among  others,  have  found  that  seasonal 

*  As  pointed  out  in  the  text,  no  great  importance  is  attached  to  the  absolute 
magnitude  of  figures  given  for  blood  iodine  concentration  except  in  a  few  cases  where 
the  absolute  truth  is  ostentatiously  discussed.  In  most  physiological  problems,  only 
relative  values,  contrasted  with  a  normal  control,  are  needed.  In  evaluating  statements 
involving  iodine  concentration,  therefore,  the  reader  must  become  accustomed  to 
thinking  in  terms  of  a  sliding  scale.  In  nearly  every  case  where  iodine  concentration 
is  mentioned,  the  normal  control  figure  is  given  simultaneously.  At  the  present  sta^e 
of  technical  facilities  for  determining  iodine  in  minute  amounts  it  is  necessary  to  think 
in  terms  of  relative  truth  without  insisting  upon  absolute  truth. 
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variations  in  blood  iodine  occur  parallel  with  changes  in  thyroid 
iodine.  Lohr  failed  to  confirm  this,  but  it  should  be  remembered 
that  in  certain  localities  (e.g.,  the  British  Isles)  thyroid  iodine  may 
not  be  subject  to  remarkable  fluctuation.365  The  blood  iodine  may 
rise  at  the  time  of  the  climacteric  in  women,69  but  this  phenomenon 
is  not  constant. 

There  is  considerable  diversity  of  opinion  as  to  the  distribution  of 
iodine  between  red  cells  and  plasma.  It  seems  clear  that  the  plasma 
contains  the  major  portion.  Representative  figures  indicate  about 
8  to  12  gamma  per  cent  in  the  serum  and  only  4  to  6  gamma  per  cent 
in  the  red  cells.199  Trevorrow  549  studied  a  series  of  analyses  of 
whole  blood  and  plasma  and  found  the  total  iodine  to  be  distributed 
in  proportion  to  the  water  content  of  the  plasma  and  cells.  This  state¬ 
ment  should  be  considered  a  first  approximation.  (Cf.  pp.  76,  96.) 

Qualitative  Nature  of  Blood  Iodine  Compounds.  Ironically 
enough,  despite  many  quantitative  studies  of  the  partition  of  the 
blood  iodine,  the  nature  of  these  fractions  is  largely  unknown. 
Various  methods  have  been  used  to  fractionate  the  blood,  but  they 
are  so  arbitrary  that  it  is  difficult  to  compare  results  obtained  by 
one  method  with  those  by  another  procedure.  A  systematic  study  of 
the  blood  iodine  by  rigorous  physicochemical  methods  is  sorely 
needed.  Meanwhile,  it  is  possible  to  draw  tentative  conclusions  only. 

Even  if  the  plasma  and  red  cells  contain  iodine  in  equivalent  con¬ 
centration  in  terms  of  water,549  there  is  no  evidence  that  these 
concentrations  necessarily  represent  the  same  chemical  compounds. 
Indeed,  Zawadowsky  and  Asimoff  584  found  that,  on  feeding  thyroid, 
the  plasma  became  biologically  active,  but  not  the  red  cells.  It 
will  be  important  to  learn  whether  red  cells  contain  hormone  because, 
if  not,  the  plasma  should  be  analyzed  separately,  in  view  of  its 

greater  physiological  significance. 

There  are  many  ^normal  fasting  values  for  inorganic  iodide 
in  the  literature,  but  it  is  dubious  whether  much  of  the  normal  blood 
iodine  is  truly  inorganic  unless  iodide  has  been  ingested  recently. 
Ultrafiltrates  of  plasma  from  fasting  animals  contain  little  iodine 
unless  potassium  iodide  has  been  fed  to  the  animal  recently.  On  the 
other  hand,  iodide  added  to  plasma  can  be  recovered  quantitatively 
in  the  ultrafiltrate.  When  animals  are  fed  iodides,  however,  the 
extra  inorganic  iodide  is  distributed  between  plasma  and  cells  in 
(roughly)  equivalent  concentration,  i.e.,  in  terms  of  the  respective 
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water  contents  of  the  two  phases.3”  Although  these  filtration  ex¬ 
periments  indicate  that  most  of  the  normal  blood  iodine  is  bound  by 
protein  Trevorrow  549  has  found  that  it  can  be  removed  from  the 
protein  almost  completely  by  extraction  with  butyl  alcohol  or  by 
continuous  extraction  with  ethyl  alcohol  or  acetone.  In  other  words, 
the  union  with  protein  may  be  due  to  adsorption  rather  than  to  firm 
chemical  combination.  Thus  by  varying  the  procedure,  the  normal 
fasting  blood  iodine  can  either  (a)  be  left  almost  entirely  adherent 
to  protein,  or  (6)  be  removed  almost  completely  from  protein.  Un- 
fortunately,  many  of  the  procedures  employed  in  the  past  15  years 
represent  intermediate  stages.  Thus  the  classical  procedure  of  Lunde, 
Closs,  and  Wiilfert 347  for  the  determination  of  “organische”  iodine 
gave  the  fraction  which  happened  to  be  bound  to  protein  after  one 
extraction  with  alcohol.  Similarly,  McClendon  3“  recently  has  used 
acetone  to  find  the  “hormone  iodine”  left  bound  to  protein,  despite 
the  finding  by  Eufinger  and  Schulte  161  that  all  of  the  iodine  can  be 
removed  by  acetone  if  further  extraction  be  made.  In  other  words, 
it  is  hazardous  to  assume  that  alcohol-soluble  (or  acetone-soluble) 
iodine  represents  “inorganic”  iodide,  whereas  the  alcohol-insoluble 
(or  acetone-insoluble)  represents  “organic”  or  “hormone”  iodine 
alone.  Similarly,  the  use  of  dialysis  or  electrodialysis  45  gives  values 
for  diffusible  “iodide”  which  depend  upon  changing  concentrations 
and  rates  to  diffusion.160 

Recent  analytical  studies  549, 42S  indicate  that  thyroxine,  diiodoty- 
rosine,  thyroxine-proteose  and  thyroglobulin  are  all  nearly  com¬ 
pletely  precipitated  with  the  proteins  of  blood  by  such  agents  as  heat 
and  acetic  acid  or  zinc  sulfate  and  sodium  hydroxide.  On  the  other 
hand,  added  iodide  escapes  precipitation.  Such  observations  suggest 
that  the  normal  fasting  blood  iodide  concentration  is  only  about 
1  or  2  gamma  per  cent,  and  even  in  hyperthyroidism  this  inorganic 
fraction  seems  not  to  differ  greatly  from  the  normal  unless  iodide  has 
been  employed.  Contrast  this  figure  with  the  high  values  (cf. 
Table  21)  for  alcohol-soluble  “iodide”  now  in  the  literature!  The 
author  suggests  that  non-precipitable  iodine  be  regarded  henceforth 
as  an  index  of  inorganic  iodide. 

If  this  procedure  is  followed,  it  seems  likely  that  the  statement 
already  made  in  Chapter  II  —  namely,  that  the  concentrations  of 
iodide  in  the  organism  “may  possibly  be  increased  several  times  in 
hyperthyroidism”  —  will  become  superfluous,  because  it  is  based 
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upon  an  analytical  method  which  may  ultimately  be  outmoded. 

The  protein-bound  iodine  of  the  plasma  also  may  prove  to  be  a 
useful  measurement  provided  care  is  taken  to  obtain  the  maximal 
value  possible.  This  figure  would  include  the  various  constituents  of 
thyroglobulin  mentioned  above,  if  present,  and  possibly  other  un¬ 
known  iodine-containing  substances  which  can  be  adsorbed  on 
protein  molecules.  Indeed,  when  thyroxine  is  added  to  blood  it 


TABLE  21 

Iodine  Fractions  in  Blood 


Normal  blood 

Average 

total 

blood 

iodine 

Average 

“organische” 

blood 

iodine 

Average 

“anorganische” 

blood 

iodine 

io  cc.  of  blood . 

micro¬ 

grams 

0.85 

micro¬ 

grams 

micro- 

grams 

io  cc.  of  blood  +  3.8  micrograms 
organic  iodine  *  . 

of 

4.62 

10  cc.  of  blood . 

0.82 

0.12 

10  cc.  of  blood  +  3.8  micrograms 
organic  iodine  *  . 

of 

4.46 

0.24 

10  cc.  of  blood  +  2.5  micrograms 
inorganic  iodine  f  . 

of 

.  .  . 

0.84 

2.65 

Blood  from  clinical  cases 

micrograms 

micrograms 

micrograms 

per  cent 

per  cent 

per  cent 

Nontoxic  goiter  (no  iodine)  . 

8.0 

5-3 

3-2 

Exophthalmic  goiter  (no  iodine)  .  . 

16.3 

10. 0 

6-5 

Exophthalmic  goiter  (with  iodine) 

I9.4 

8.1 

10.8 

Nontoxic  goiter  (with  iodine)  .  .  .  . 

17. 1 

8.7 

8.2 

Primary  myxedema . 

5-7 

2-5 

3-i 

*  Thyroid  proteose  was  used, 
t  Potassium  iodide  was  used. 

From:  H.  J.  Perkin  and  L.  M.  Hurxthal,  J.  Clin.  Investigation,  18:  734.  1939. 


may  appear  either  in  the  “anorganische”  or  the  “organische”  frac¬ 
tion,  depending  upon  the  procedure  employed.4-8  This  fact  may 
explain  why  Leipert  "11  was  able  to  fractionate  diffusible  iodine  into 
fractions  precipitable  by  silver  and  those  not  so  precipitable.  Lipoid- 
bound  iodine  also  has  been  suggested, -,<'n  but  it  seems  insignificant  if 
present  at  all.311 

Trevorrow  549  has  been  able  to  separate  the  butyl  alcohol  extract 
of  blood  iodine  into  thyroxine-like  fractions  and  diiodotyrosine-like 
fractions.  She  concludes  that  “the  greater  part  of  the  blood  iodine 
possesses  properties  similar  to  those  of  thyroxine  and  diiodotyrosine, 
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and  a  portion  of  this  is  not  diiodotyrosine  but  is  thyroxine-like  in  its 
solubility.” 

In  this  connection,  immunological  observations  recently  made  by 
Lerman  are  illuminating.  He  produced  rabbit  antiserum  which 
would  detect  human  thyroglobulin  in  concentrations  as  low  as  0.15 
to  0.3  mg.  per  cent,  i.e.,  in  a  concentration  equivalent  to  less  than  1 
microgram  per  cent  of  iodine.  This  was  true  whether  the  thyroid- 
protein  was  dissolved  in  physiological  salt  solution  or  in  normal 
human  serum.  He  was  unable  to  detect  such  a  concentration  in 
normal  human  serum,  thyrotoxic  serum  (pre-  or  postoperatively), 
or  in  myxedema.  He  was  unable  to  detect  any  thyroglobulin  in 
human  urine.  One  preparation  of  the  antiserum,  which  was  unusually 
potent,  was  capable  of  disclosing  a  concentration  of  thyroglobulin 
as  low  as  0.05  mg.  per  cent.  With  this  potent  antiserum  Lerman  was 
unable  to  detect  any  thyroglobulin  in  serum  from  hyperthyroid 
patients.”  316  *  These  observations  suggest  strongly  that  the  circulat¬ 
ing  hormone  differs  from  the  storage  form  previously  described.  It 
is  curious  that  rabbit’s  serum  containing  antibodies  against  human 
thyroglobulin  does  not  react  with  iodinated  serum  protein,  either 
horse  or  human.  Neither  does  it  react  with  iodinated  horse  albumin. 
It  will  be  remembered  that  these  preparations  all  relieve  myxedema 
completely.  On  the  other  hand,  the  immune  serum  does  react  well 
with  colloid  extracted  from  human  colloid  goiter,  which  failed  to 
show  any  endocrine  potency.  In  short,  the  immunological  specificity 
has  not  been  found  to  be  related  to  endocrine  specificity.  (Cf.  p.  99.) 

For  the  sake  of  uniformity  in  the  literature,  the  author  suggests 
that  in  clinical  and  metabolic  studies  the  following  program  be 
followed.  (/)  Plasma  to  be  separated  from  red  cells,  at  least  until 
it  appears  that  the  iodine  of  red  cells  reflects  precisely  that  of  the 
plasma.  (2).  The  plasma  iodine  to  be  separated  into  “I”  iodine, 
presumably  iodide  because  ultrafilterable  or  non-precipitable;  and 
into  P  iodine,  the  maximum  adsorbable  on  protein  or  precipitable 
with  protein  molecules.  (J)  The  “P”  iodine  to  be  separated,  ac- 

C°a  ^°,Leland  and  Foster’315  int0  a  “T,”  thyroxine-like  fraction 
and  D,  dnodotyrosine-like  fraction.425  This  plan  will  admit  of  di- 


neJ^H^V0^’  ?  ^  circulatinS  thyroglobulin  in  the  thyroid  veins 
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rect  comparison  of  concentrations  in  the  blood  with  those  in  the  thy¬ 
roid  gland  itself,  or  with  pharmaceutical  preparations  and  derivatives 
of  thyroglobulin  or  of  iodoprotein.318’ 321  Indeed,  in  one  such  ex¬ 
periment  with  beef  plasma,  Trevorrow  found  92  per  cent  of  the 
total  iodine  in  the  “P”  fraction,  of  which  one-third  was  “T”  iodine 
and  two-thirds  “D”  iodine.  These  are  the  values  one  would  have 
expected  from  the  normal  human  thyroid  in  Boston! 

The  use  of  plasma,  rather  than  whole  blood,  is  recommended 
because  it  probably  gives  a  wider  spread  in  values  and  is  therefore 
more  sensitive.  The  following  typical  values  obtained  by  Miss 
Sophia  M.  Simmons  in  the  author’s  laboratory  illustrate  this  point. 
Values  for  “P”  iodine  in  gamma  per  cent  are  given  for  whole  blood 
(b),  for  plasma  (p)  and  for  cells  (c),  respectively.  In  myxedema  b, 
3;  p,  2;  c,  3.  In  a  euthyroid  individual  b,  6;  p,  6;  c,  6.  In  mild 
hyperthyroidism  (basal  metabolic  rate  equal  to  plus  30  per  cent) 
b,  8;  p,  11 ;  c,  6.  In  severe  hyperthyroidism  b,  9;  p,  12;  c,  6.  It 
will  be  noted  that  in  mild  hyperthyroidism  the  plasma  value  may 
be  abnormally  high  when  the  value  for  whole  blood  is  essentially 
normal.  This  phenomenon  doubtless  accounts  for  some  of  the 
“normal”  values  reported  in  the  literature  for  cases  of  obvious 
clinical  hyperthyroidism. 

After  human  blood  has  been  hydrolyzed  directly  in  alkali,  it 
yields  both  “T”  and  “D”  fractions.149  Although  the  hydrolysis 
admittedly  destroys  some  20  per  cent  of  added  thyroxine,  neverthe¬ 
less  it  increases  qualitatively  the  reliability  of  the  results.  The  “T” 
iodine  is  between  2.9  and  4.8  gamma  per  cent,  i.e.,  about  one-third 
of  the  average  total  iodine  (7  to  12  gamma  per  cent).*  Thus  5  liters 
of  human  blood  would  contain  nearly  0.5  nig.  of  apparent  thyroxine, 
25  liters  of  horse  blood,  1  mg.;  and  the  entire  blood  of  a  dog  from 
0.05  to  0.025  mg.  of  apparent  thyroxine. 


Extant  Clinical  Data 

These  academic  considerations  notwithstanding,  there  exists  a 
large  mass  of  clinical  and  metabolic  material  based  on  the  concept  of 
“anorganische”  and  “organische”  iodine  as  separated  by  the  alcohol 
precipitation  of  Lunde  and  Closs  346  or  by  similar  procedures.  Such 

*  It  will  be  noted  that  these  figures,  taken  from  the  general  literature,  are  probahly 
too  high,  although  they  serve  best  as  a  convenient  reference .scale  for  _a 
data  now  in  the  literature.  If  the  reader  is  interested  in  absolute  truth, these  va  ues 
should  be  scaled  down,  as  suggested  in  the  footnote  at  the  beginning  of  this  section 

(p-  7i)- 
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values  are  illustrated  in  Fig.  7.  Because  these  data  convey  important 
information,  we  must  review  them  carefully,  remembering  that  an- 
organische”  iodine  often  contains  little  iodide  and  that  “organische” 
iodine  represents  only  a  portion  of  the  maximal  iodine  which  is 
adsorbable  on  protein.  The  “organische  iodine  is  sometimes  called 
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JIGU  7\  When  a  pati.ent  with  ex°phthalmic  goiter  is  successfully  treated  with  iodine 
and  the  basal  metabolic  rate  falls,  the  “organische”  iodine  fraction  in  the  blood  fre¬ 
quently  falls  too,  despite  a  rise  in  the  “anorganische”  fraction. 

In  the  figure,  G.U.  indicates  basal  metabolic  rate.  The  ordinate  scale  serves  two  pur- 
poses:  it  indicates  both  the  basal  metabolic  rate  (in  percentage  above  normal)  and  the 
Diood  iodine  concentration  in  gamma  per  cent. 

From:  K.  Gutzeit  and  G.  W.  Parade,  Ztschr.  f.  klin.  Med.  i33 :  520.  1937-38. 


“hormone  iodine.”  ’"  The  consistent  behavior  of  this  value  in 
normal  and  in  hyperthyroid  individuals  offers  some  hope  that  even¬ 
tually  this  arbitrary  fraction  may  be  closely  identified  with  the  “T” 
fraction  described  above,  even  though  it  probably  constitutes  the 
net  effect  of  several  compensatory  errors. 

Fasting  Blood  Iodine.  Because  of  the  technical  difficulties  en- 
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countered  in  separating  small  amounts  of  iodine,  not  to  mention  the 
diversity  of  analytical  techniques  in  vogue  at  present,  comparative 
values  obtained  by  the  same  investigators  are  more  reliable  than 

TABLE  22 

Range  of  Plasma  Iodine  in  Boston 


Iodine  (in 

MICROGRAMS  PER 


Status  of  patient 

Age 

Sex  Diagnosis 

B.M.R. 

(%) 

IOO  cc. 

Total 

plasma) 

<<p>> 

Euthyroid  * 

25 

F  Normal 

9.8 

U 

17 

F  Simple  goiter.  Possible  in¬ 
cipient  hypothyroidism 

-17 

8.9 

a 

54 

F  Anxiety  state 

+34 

6.8 

•  • 

u 

25 

F  Normal 

5.6 

a 

37 

M  Pneumonococcus  pneumo¬ 
nia  Type  IV  . 

+3i 

5-0 

a 

69 

M  Gen.  arteriosclerosis;  arte¬ 
riosclerotic  ht.  dis.;  hy¬ 
pertension  ;  senility ;  al¬ 
coholism 

0 

7-4 

u 

44 

F  Arteriosclerotic  and  hyper¬ 
tensive  ht.  dis.;  auricu¬ 
lar  fibrillation  and  con¬ 
gestive  failure 

+39 

9-5 

u 

52 

M  Hypertensive  and  arterio¬ 
sclerotic  ht.  dis.;  auricu¬ 
lar  fibrillation;  conges¬ 
tive  failure 

+27 

6.2 

Graves’  disease 

17 

F  Recurrent  toxic  goiter; 
Graves’  disease  without 
hyperthyroidism 

+9 

18. 1 

9-3 

Hyperthyroid 

62 

F  Toxic  goiter 

+36 

16.4 

it 

39 

M  Diffuse  toxic  goiter;  coro¬ 
nary  ht.  dis.;  old  myo¬ 
cardial  infarction 

+  28 

U 

16 

F  Diffuse  toxic  goiter 

+5° 

14.8 

it 

33 

F  Recurrent  hyperthyroidism 

+60 

12.7 

u 

25 

F  Diffuse  toxic  goiter 

+66 

1 2. 1 

u 

51 

M  Diffuse  toxic  goiter 

+80 

16.9 

Thyroid  storm 

20 

F  Thyrotoxic  crisis 

None 

18.2 

Hypothyroid 

28 

F  Myxedema 

-43 

3-9 

u 

16 

F  Hypopituitarism ;  second¬ 
ary  myxedema  (mild) 

-27 

4-3 

u 

4i 

M  Rheumatic  heart  disease; 
mitral  stenosis ;  hypothy¬ 
roidism  (total  thyroid¬ 
ectomy) 

-3° 

3-4 

*  Obviously,  the  “abnormal”  values  for  basal  metabolic  rate  ODiameu  w 

“  bhv'Ri®  srffis  r“Ap?,ndr,,xm»«™i 

titration  procedure  described  by  Riggs  an^  jAa, ,  absolute  truth,  therefore,  than  the 

S5.*sr  naf-Mwas  „■  _  .»< 

more  sharply  restricted. 
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absolute  values  obtained  by  different  procedures  in  various  localities. 
Obviously,  when  stating  blood  iodine  in  studies  of  pathological 
physiology,  each  investigator  should  make  clear  his  range  for 
normal  values. 

As  regards  whole  blood  iodine,  fasting  values  obtained  by  Gutzeit 
and  Parade  213-212  in  Breslau  are  instructive: 

For  normal  men  9  to  16  gamma  per  cent 

(average  14  gamma  per  cent) 
For  normal  women  n  to  20  gamma  per  cent 

(average  17  gamma  per  cent) 
“Organische”  iodine  3  to  5  gamma  per  cent 


Normal  “iodine  quotient” 


“organische” 

“anorganische” 


0.2  to  0.5 


In  Boston,  Perkin,  Lahey,  and  Cattell  432  found  in  normal  adults 
an  average  of  6.6  gamma  per  cent,  ranging  from  1  to  10  gamma  per 
cent.  In  the  author’s  laboratory,  a  few  miles  away,  values  for  plasma 
“P”  iodine  in  normal  individuals  are  rarely  below  6  gamma  per  cent, 
or  above  10,  by  the  method  of  Trevorrow  and  Fashena,550  slightly 
modified.  Characteristic  values  are  shown  in  Table  22.  In  Ohio, 
Davis,  Curtis,  and  Cole  121  found  in  normal  adults  an  average  of 
10*  1  gamma  per  cent,  ranging  from  8.5  to  16.2  gamma  per  cent.  In 
children  in  New  \  ork  City,  Fashena  165  found  average  values,  with¬ 
out  sex  difference:  for  infants  less  than  24  hours  old  4.7  ±  0.33 
gamma  per  cent,  ranging  from  1.0  to  11.0  gamma  per  cent;  for  others 
up  to  13  years,  6.6  ±  0.15  gamma  per  cent,  ranging  from  3.0  to  12.0 
gamma  per  cent.  Similarly,  from  the  New  York  Postgraduate  Hospi¬ 
tal  data  were  reported  at  the  New  York  Academy  of  Medicine’s 
Twelfth  Graduate  Fortnight  in  1939  as  follows:  Simultaneous  iodine 
contents  of  blood  and  urine  were  determined  in  22  normal  individuals 
and  values  were  given  for  (a)  blood  iodine  concentration,  ( b )  urinary 
iodine  concentration,  and  (c)  total  24-hour  urinary  iodine  excretion. 

e  range  was,  for  (a)  3.1  to  8.4  gamma  per  cent;  for  ( b )  6  2  to 
56.7  gamma  per  cent;  and  for  (c)  18  to  483  micrograms.  The  cor¬ 
responding  means  were  for  (a)  5.9  ±  1.3  gamma  per  cent;  for  ( b ) 
_  .7,  and  for  (c)  190.8  ±  138  micrograms  (M.  Bruger) 

hi  "  c,omparlson’  vaIues  “organische”  and  “anorganische” 
blood  iodine  concentrations  in  Boston  are  shown  in  Fig  8 

S  01  Exerctse-  In  studying  blood  iodine,  it  must  be  remem- 
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bered  that  vigorous  muscular  activity  causes  an  increase  in  the  fast¬ 
ing  blood  iodine  within  a  few  minutes.  There  is  disagreement  about 
the  extent  to  which  the  iodine  rises;  McCullagh  and  McCullagh382 


MYX.  NORMAL*  PH.  PH. 

no  iodine  on  iodine,  on  logins 

40  case*  Gfccrse*  $3c£>ses  30  cosea  r  coses 

Fig  8  “Organische”  and  “anorganische”  blood  iodine  fractions  in  human  indiyid- 
Js The  key  to  the  diagnosis  follows:  MYX.  myxedema;  P.H.,  exophthalmic  gotten; 
N.T.Ad.G.,  nodular  goiter  (non-toxic). 

From:  H.  J.  Perkin  and  L.  M.  Hurxthal,  J.  Clin.  Investigation.  JS:  73<>-  1939- 

report  a  rise  of  about  9  gamma  per  cent,  whereas  Herxhetmer, 
Mislowitzer,  and  Stanoyevitch  found  increases  of  over  150 
gamma  per  cent.  The  normal  level  is  not  restored  for  over 
hours  after  cessation  of  the  work. 
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Fluctuations  in  Blood  Iodine 

Thus  far,  we  have  been  concerned  mainly  with  blood  iodine  in 
the  fasting  state.  Obviously,  marked  changes  in  blood  iodine  may 
occur  when  iodine  is  administered  or  when  unusual  amounts  of  iodine 
are  released  from  endocrine  glands  or  other  tissues. 

Circulating  Iodine  after  Administration  of  Iodine  Compounds. 
The  total  blood  iodine  concentration  at  a  given  moment  rep¬ 
resents  the  net  result  of  many  complicated  processes.  Among  these 
are  the  quantity  and  type  of  compound  used,  the  rate  of  intes¬ 
tinal  peristalsis  (i.e.,  presence  of  diarrhea),  the  ease  and  rate  of 
intestinal  absorption  or  of  parenteral  injection,  the  avidity  of  the 
thyroid  for  new  iodine,  the  permeability  of  various  tissue  cells,  the 
state  of  kidney  function,  and  many  other  factors.  Furthermore, 
different  species  of  animal  react  differently.  Consequently,  manifold 
variations  are  observed  and  it  is  possible  to  consider  only  certain 
typical  combinations  of  circumstances. 

Iodide  Administration.  Potassium  iodide  is  so  rapidly  absorbed 
that  the  blood  iodine  concentration  rises  to  a  peak  within  30  minutes 
if  doses  of  2  grams  or  more  are  ingested.167  Under  these  circum¬ 
stances,  the  blood  iodine  concentration  may  rise  well  above  100 
gamma  per  cent.  With  smaller  doses  (e.g.,  0.5  gram)  the  peak  is 
not  reached  for  90  minutes.560  Then  the  blood  iodine  falls,  to  reach 
the  initial  level  in  48  hours.  Thus  the  bulk  of  the  iodine  appears 
rapidly  in  the  circulation  and  again  disappears  rapidly.135  In  a  later 
section,  iodine  tolerance  curves  are  discussed  to  show  that  the  func¬ 
tional  activity  of  the  thyroid  regulates  this  fluctuation  in  blood  iodine 
to  a  large  extent.  Eventually  a  major  part  of  the  extra  iodine  is 
eliminated  through  the  kidney.  A  much  smaller  amount  is  elimi¬ 
nated  into  the  intestine  through  the  bile  and  intestinal  secretions. 
Possibly  the  stomach  also  eliminates  important  amounts  of  iodine,326 
thus  adding  to  the  intestinal  content. 

After  intravenous  injections  of  iodine,  the  blood  level  drops  rapidly 
from  its  initial  peak.  The  type  of  curve  obtained,  however,  is  de¬ 
termined  by  the  dose  injected.  Elmer  139>p-  1S*  has  injected  small 
doses  (1.7  mg.  potassium  iodide)  and  found  that  in  normal  indi¬ 
viduals  the  blood  iodine  returns  to  control  levels  in  six  hours  Perkin 
and  Lahey,433  using  larger  doses  (i.e.,  0.6  gram  by  mouth),  found 
a  more  protracted  hyperiodemia,  as  did  Fitz.174 
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Even  though  the  total  blood  iodine  rises,  the  “ organische ”  moiety 
thereof  falls,560  as  shown  in  Fig.  7.  Thus,  after  the  oral  administra¬ 
tion  of  0.5  gram  of  potassium  iodide  the  “organische”  moiety  may 
drop  from  10  gamma  per  cent  to  3  gamma  per  cent  when  the  total 
iodine  approaches  its  peak.  Later,  the  total  iodine  approaches  the 
normal  after  48  hours,  as  does  the  “organische”  moiety.  Thus  the 
curves  for  total  and  “organische”  iodine,  respectively,  at  first 
separate  and  then  approach  each  other  again.  It  may  be  that  the 
reason  for  the  drop  in  “organische”  iodine  is  suppression  of  the  thy¬ 
roid  secretion.527,  346  If  true,  the  rapidity  of  the  fall  in  concentra¬ 
tion  is  remarkable  because  thyroid  changes  are  usually  considered 
sluggish. 

Administration  of  Thyroxine  Derivatives.  The  blood  iodine  curve 
following  the  administration  of  whole  thyroid  or  of  thyroglobulin 
has  not  been  studied  adequately.  Veil  and  Sturm,560  however,  studied 
the  effect  of  feeding  small  doses  of  a  desiccated  preparation  called 
“thyroidin”  (containing  150  gamma  iodine).  In  two  hours  the  peak 
was  reached  at  a  questionable  41  gamma  per  cent,  and  in  24  hours 
the  blood  was  normal.  More  studies  are  needed  on  this  point.  Both 
“organische”  and  “anorganische”  fractions  increase,  suggesting  that 
decomposition  of  the  hormone  occurs  in  the  gastrointestinal  tract,  in 
the  liver,153  or  elsewhere.  Nevertheless,  after  the  enteral  adminis¬ 
tration  of  thyroglobulin  some  antigen  (presumably  thyroid  protein) 
is  found  in  the  blood  stream.236  Most  of  the  ingested  thyroglobulin 
is  split,  however,  as  expected,  into  peptones  or  peptides  in  the  gas¬ 
trointestinal  tract.33, 34 

Thyroxine  per  Os.  When  thyroxine  is  administered  by  mouth  ap¬ 
propriately  dissolved  in  alkali*  the  blood  iodine  of  dogs  reaches  28 
gamma  per  cent  in  two  hours  and  falls  to  normal  in  12  hours.4*0 
After  injecting  2  mg.  of  thyroxine,  Boe  and  Elmer”2  found  that 
there  was  an  almost  immediate  fall  from  the  initial  peak  of  36  gamma 
per  cent.  In  24  hours  the  blood  was  again  normal.  It  is  highly 
significant  that  the  rise  was  entirely  in  the  “ organische ”  moiety. 

Hypothyroidism 

Etiologically,  hypothyroidism  may  be  primarily  concerned  with 
thyroid  disease  or  the  chief  cause  may  lie  outside  the  thyroid,  which 

•  Thompson  and  his  collaborators"  have  shown  that  about  So  per  cent  of  the  drug 
is  assimilated,  when  administered  in  this  fashion  to  human  patients. 
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becomes  inactive  secondarily.  In  the  second  group  such  causes  as 
iodihe  lack,  tyrosine  deficiency  and  pituitary  failure  come  to  mind. 
In  both  groups  the  concentration  of  circulating  hormone  in  the  blood 

falls. 

A  study  of  blood  iodine  in  hypothyreosis  is  particularly  interesting 
because  it  should  give  some  idea  of  the  normal  hormone  content  by 
the  difference  in  total  iodine  values.  In  myxedema  and  in  endemic 
cretinism,  values  of  about  6  gamma  per  cent  are  common.133’ 382  The 
value  is  so  low  that  it  is  easily  affected  by  iodine  in  the  environment 
and  by  analytical  technique.  Two  representative  series  for  myxe¬ 
dema  show  values  ranging  from  4  to  6  gamma  per  cent  and  from 
1.4  to  11  gamma  per  cent,155, 112  respectively.  These  values  pre¬ 
sumably  reflect  non-hormonal  iodine,  chiefly  based  on  exogenous  and 
endogenous  (tissue)  metabolism.  Gutzeit  and  Parade  212  found,  in 
general,  a  low  normal  “organische”  iodine  concentration,  but  found 
in  one  case  of  myxedema  only  1.8  gamma  per  cent. 

The  plasma  “P”  iodine,  as  determined  in  the  Thorndike  Memorial 
Laboratory,  has  been  consistently  low,  namely  2  to  3  gamma  per 
cent.  Presumably  this  latter  value  is  close  to  the  absolute  truth. 
The  “T”  fraction  probably  is  almost  nil. 

Assimilation  of  Iodine.  When  iodine-containing  food  is  given  to  a 
thyroidectomized  dog,  it  causes  a  marked  rise  in  blood  iodine  con¬ 
centration.  Thus  two  hours  after  feeding,  the  blood  of  a  normal  dog 
shows  at  most  20  gamma  per  cent  iodine,  whereas  in  the  athyreotic 
dog  the  level  reaches  about  250  gamma  per  cent.  When  pure  potas¬ 
sium  iodide  solution  is  administered  to  athyreotic  organisms,  how¬ 
ever,  no  difference  from  the  normal  may  be  detected  unless  special 
conditions  are  imposed.  Using  small  doses  of  iodide  in  human 
myxedema,  Elmer  139>  p-  446  has  found  that  the  blood  iodine  curve  is 
maintained  at  higher  levels  and  for  a  longer  time  than  in  normal 
men.  The  normal  blood  reaches  its  previous,  control  level  in  six 
hours;  the  blood  in  myxedema  not  for  24  hours.  This  striking  in¬ 
ability  of  the  organism  to  store  iodine  may  be  ascribed  not  only  to 

lack  of  thyroid  tissue,  but  also  to  the  abnormal  state  of  other  tissues 
as  discussed  in  Chapter  XI  (see  Fig.  38). 

To  be  sure,  other  authors,  working  under  different  conditions 
have  found  either  no  such  difference  from  the  normal  or  even  a 
reverse  effect.  Thus  de  Quervain  and  Smith  443  gave  potassium 
iodide  daily  for  a  week  to  cretins  and  to  normal  controls.  Then  the 
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cretinoid  blood  iodine  was  6.4  gamma  per  cent,  duplicating  the  initial 
value  of  6.4  gamma  per  cent.  By  contrast,  the  healthy  blood  was 
15.4  gamma  per  cent,  as  against  the  initial  13.2  gamma  per  cent. 
Likewise,  thyroidectomized  animals  in  some  series  have  shown  little 
difference  from  the  normal  behavior.874, 52(5  The  extra  iodide  may 
even  disappear  from  the  blood  more  rapidly  than  in  the  normal 
animal.297  Obviously,  the  result  of  these  observations  depends  upon 
such  variables  as  dosage  and  time.  On  the  whole,  Elmer’s  results  137 
are  consistent  and,  as  will  be  shown,  of  clinical  interest. 

When  thyroxine  is  administered  to  a  myxedematous  man,  the 
blood  iodine  increases.  Thus  2  mg.  of  thyroxine,  given  intravenously 
daily  for  several  days,  elevates  the  blood  iodine  from  6  to  17  gamma 
per  cent;133  thereafter  the  level  becomes  stable  at  n  gamma  per 
cent.  On  the  contrary,  in  a  healthy  individual  no  change  can  be 
noted  even  after  repeated  injections  for  six  days.  Under  such  treat¬ 
ment  of  clinical  myxedema,  the  basal  metabolism  in  the  early  days 
overshoots  the  rise  in  blood  iodine  (which  is  linear  with  time).159 
Simultaneous  determinations  of  “thyroxine-like”  iodine  would  be 
valuable. 

Effect  of  Thyrotropic  Hormone .  Because  the  thyroid  is  usually 
completely  atrophic  in  myxedema,410  administration  of  thyrotropic 
hormone  produces  no  rise  in  blood  iodine.490  In  milder  cases  of 
hypothyroidism,  in  which  marked  destruction  of  thyroid  follicular 
rells  has  not  occurred,  the  thyrotropic  hormone  may  increase  the 
blood  iodine  and  the  basal  metabolic  rate,139,  456  at  least  tempo¬ 

rarily.  In  unfavorable  cases,  no  rise  in  basal  metabolism  occurs, 
even  though  the  blood  iodine  may  rise  somewhat,  e.g.,  from  6  to  16 
gamma  per  cent.139,  p- 457  Consequently,  whole  thyroid  substance  or 
thyroxine  usually  affords  more  prompt  and  less  expensive  relief  in 
myxedema  than  does  thyrotropic  hormone. 


Hyperthyroidism 

In  hyperthyroidism  there  is  usually  a  definite  increase  in  blood 
iodine  concentration.500  In  the  less  severe  cases  it  may  be  difficult 
to  discover  because  the  normal  level  for  the  individual  may  not  be 
known.  Likewise,  in  iodine-poor  districts,  blood  levels  in  hyperthy¬ 
roidism  may  appear  rather  low  because  the  base  line  of  re  eience 
for  the  region  is  very  low.001  Blood  iodine  concentra Korn. of,. i  to 
22  vamma  per  cent  are  common  in  exophthalmic  goiter,  but  the 
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values  rarely  exceed  100  gamma  per  cent.112  *  Some  authors  have 
found  normal  values,  e.g.,  14  to  16  gamma  per  cent,  in  10  per  cent 
of  their  hyperthyroid  cases.  Possibly  such  individuals  had  an  un¬ 
usually  low  (normal)  blood  iodine  initially.  Of  peculiar  interest  aie 
the  “toxic”  cases  reported  by  McCullagh  381  and  by  Perkin,  Lahey, 
and  Cattell,432  in  which  blood  iodine  was  normal.  These  were  long¬ 
standing  cases,  in  which  presumably  a  state  of  iodine  depletion  or 
exhaustion  had  ensued.  Similarly,  Zondek  586  has  reported  low  blood 
iodine  in  “coma  basedovicum.”  These  exceptional  cases,  showing 
clinical  “thyrotoxicosis”  with  continued  normal  blood  iodine,  sug¬ 
gest  that  hyperthyroidism  may  be  merely  a  (major)  incident  in 
clinical  Graves’  disease.587  Perhaps  independent  primary  neurogenic 
activity  of  the  hypothalamus  sets  a  minimum  level  to  which  “basal” 
metabolism  can  be  reduced  despite  block,  suppression  or  extirpation 
of  the  thyroid.173 

Role  of  the  Thyroid  in  Hyperthyroidism.  In  general,  in  clin¬ 
ical  hyperthyroidism  two  features  tend  to  disturb  the  relation  be¬ 
tween  the  clinical  condition  and  the  blood  protein-bound  iodine.  One 
is  the  lag  between  increase  in  blood  iodine  and  the  tissue  response. 
The  other  is  the  influence  of  nervous  activity,  which  may  induce  a 
clinical  state  called  “toxicity”  even  when  blood  iodine  is  relatively 
low  and  the  true,  or  best  obtainable  basal  metabolic  rate  is  also 
rather  low.  Falta  and  Fenz  164  accordingly  describe  clinical  “thyro¬ 
toxicosis”  as  a  complicated  disease  in  which,  at  one  extreme,  illness 
exists  without  much  disturbance  in  thyroid  function  and,  at  the  other 
extreme,  a  high  calorigenic  effect  is  found  without  marked  nervous 
activity.  As  implied  by  definition,  true  hyperthyroidism  seldom  exists 
without  an  elevated  blood  hormone  concentration  when  measured 
from  an  appropriate  baseline.  This  “thyroid  diarrhea”  of  Kocher 

results  in  histological  hyperplasia  as  the  gland  tries  to  maintain  the 
pace. 

Recent  experiments  by  Loeser  338  indicate  that  a  rather  permanent 
hyperthyroidism  may  be  produced  by  continued  injection  of  increas¬ 
ingly  large  doses  of  thyrotropic  hormone.  This  finding  has  been 
verified  by  Elmer,145  who  showed  also  that  continued  hyperthyroid¬ 
ism  produced  characteristic  changes  in  the  heart  and  thyroid  of 
guinea  pigs.  Interestingly  enough,  in  a  recent  review  Means  sum- 


*Such  ,ValueS  are  Probab]y  fantastically  high  and  must  be  interpreted  with 
sliding  scale  in  mind,  as  discussed  in  the  footnote  on  page  71.  P  ^ 
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marizes  the  latest  evidence  of  this  sort  and  concludes  that  in  human 
hyperthyroidism  the  excessive  activity  of  the  gland  is  due  chiefly  to 
stimulation  by  the  tropic  hormone  of  the  pituitary.386 

Relation  of  Blood  Iodine  to  Basal  Metabolic  Rate.  It  is  generally 
stated  that  the  blood  iodine  level  does  not  run  closely  parallel  to  the 
severity  of  the  disease.  Nevertheless,  Mobius  and  Nolte  398  found 
a  certain  correlation  between  the  increase  in  basal  metabolic  rate 
and  the  increase  in  blood  iodine  concentration.  The  author  suggests 
that  the  correlation  might  be  greater  if  the  logarithm  of  the  plasma 
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BASAL  METABOLIC  RATE 

Fig  q  Blood  iodine  and  basal  metabolism.  Data  for  blood  iodine  concentration  in 
several  states  of  thyroid  function,  collected  by  Elmer  and  Scheps  in  Lwow  An  arbitrary 
correction  of  3  gamma  per  cent  for  inorganic  iodide  has  been  subtracted  from  the  tota 
blood  iodine.  The  scale  showing  iodine  concentration  is  logarithmic  The  high  corr  - 
lation  with  basal  metabolic  rate  leads  to  the  inference  that  the  two  are  related  if 
(7)  clinical  classification  is  adequate;  (2)  analytical  technique  good;  (^  exogenous 
iodide  intake  is  low;  and  ( 4 )  a  steady  physiological  state  is  attained  before  ana  > 
is  made.  (See  McClendon,  Foster  and  Kirkland,  1940.) 

From:  W.  T.  Salter,  Physiol.  Rev.  20:  361.  1940. 
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concentration  be  studied.  He  has  compiled  in  such  fashion  the  data 
of  Elmer  and  Scheps,133  who  stated  that  they  failed  to  find  a  close 
parallelism.  These  data  show  a  considerable  fidelity  to  the  equation. 

B.  M.  R.  =  log  (Blood  Iodine  minus  3) 

when  blood  iodine  is  expressed  as  micrograms  per  100  cc.  This 
relationship  is  shown  in  Fig.  9.  The  coefficient  of  correlation 
r  =  0.75  ±  0.07  and  P  is  less  than  0.01;  i.e.,  the  chances  that  this 
correlation  is  significant  are  better  than  100  to  1. 

When  the  “organische”  moiety  of  the  blood  iodine  is  investigated, 


TABLE  23 


The  “Iodine  Quotient”  in  Normal  and  Hypertensive  Individuals 


No. 

Total 

blood 

iodine 

y  % 

“Iodine 

quotient” 

No. 

Total 
blood 
iodine 
y  % 

“Iodine 

quotient” 

Normal 

Men 

Women 

1 

13.O 

0.45 

I 

15.8 

0.20 

2 

13-3 

0.18 

2 

16.O 

0.25 

3 

14.4 

0.40 

3 

17-5 

O.I9 

4 

15-7 

0.40 

4 

18.1 

0.17 

5 

16.2 

0.23 

5 

18.4 

0.31 

6 

17.I 

0.35 

6 

19.1 

0.25 

7 

17.7 

0.40 

7 

22.2 

0-34 

Hypertensive 

Men 

Women 

i 

20.6 

0.24 

1 

12.9 

0-43 

2 

21.2 

0.21 

2 

13-6 

0.31 

3 

24.O 

0.25 

3 

19-3 

O.27 

4 

25.2 

0.46 

4 

19-5 

O.30 

5 

30.6 

0.19 

5 

21.3 

O.36 

From:  K.  Gutzeit  and  G.  W.  Parade,  Ztschr.  f.  klin.  Med.  133:  523-525.  1937-38 


it  is  generally  found  to  be  increased  more  consistently  than  the  total 
iodine.  Gutzeit  and  Parade  -1~  have  tabulated  the  ratio  of  “or- 
ganische  to  “anorganische”  iodine.  The  normal  quotient  is  0.2 
to  0.5,  whereas  in  severe  hyperthyroidism  it  may  approach  4.0. 
Sometimes,  however,  the  basal  metabolic  rate  is  found  to  be  mark¬ 
edly  increased  with  a  fairly  low  “organische”  iodine  fraction 45 
Likewise,  the  inverse  combination  may  occur.123  Various  factors 
conspire  to  obscure  this  relationship,  viz.,  inaccuracy  of  present 
analytical  methods,  the  possible  presence  of  inactive  organic  iodine 
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compounds  (possibly  degradation  products  of  the  hormone)  and 
the  difficulty  of  attaining  in  these  patients  a  “steady  state/’  physio¬ 
logically  speaking. 

As  shown  in  Table  23,  the  iodine  quotient  in  hypertensive  pa¬ 
tients  is  similar  to  that  of  euthyroid  individuals,  despite  the  opinion 
of  some  endocrinologists  that  hypertension  and  hyperthyroidism  are 
related  disturbances. 

Gutzeit  and  Parade  213>  212  have  laid  great  stress  upon  the  behavior 
of  the  “organische”  iodine  and  of  their  “iodine  quotient,”  i.e., 
“organische”/“anorganische”  fraction,  as  shown  in  Table  24.  In 

TABLE  24 


Basal  Metabolism  and  “Iodine  Quotient” 


No.  of 
cases 

Elevation  of 
basal  metabolism 

“Iodine  quotient” 

Up  to 

Average 

Range 

1 1 

+  4°% 

0.9 

O 

L 

1 

to 

Oj 

22 

+  60% 

1-25 

0.4  — 2.0 

28 

+  80% 

1. 1 

0.6  — 2.7 

7 

+  100% 

i-7 

0.8  — 2.6 

2 

+  110% 

1.6 

I-5-I-7 

From:  K.  Gutzeit  and  G.  W.  Parade,  Ztschr.  f.  klin.  Med.  133:  524.  1937-38. 


severe  hyperthyroidism,  these  measurements  indicate  that  the 
gland  is  working  at  maximal  capacity,  as  indicated  by  the  response 
to  exercise.  In  normal  persons,  within  an  hour  or  two  after  vigorous 
exercise  the  “organische”  iodine  rises,  and  likewise  the  iodine  quo¬ 
tient,  to  return  to  normal  after  24  hours.  In  hyperthyroidism,  on 
the  contrary,  there  is  no  further  rise  and  there  may  even  be  a  fall 
in  these  values. 

Elmer,  Rychlik,  and  Scheps  152  attempted  to  simplify  the  problem 
by  determining  the  level  of  “thyroxine-like”  iodine  substances  in  the 
blood  after  hydrolysis.  They  used  the  method  of  Leland  and  Foster, 
slightly  modified.  In  three  cases  studied,  the  blood  contained  from 
9  to  16  gamma  per  cent  of  “thyroxine”  iodine,  i.e.,  50  to  60  per  cent 
of  the  “organische”  iodine,  or  2  7  to  44  per  cent  of  the  total  iodine. 
Apparently  a  thyrotoxic  man  has  from  0.8  to  1.4  mg.  of  thyroxine  in 
his  blood,  as  compared  with  0.4  to  0.5  mg.  in  the  normal  person. 
More  recently,  Trevorrow  549  has  improved  the  analytical  technique 
so  that,  as  data  continue  to  accumulate,  it  may  be  possible  to  dem¬ 
onstrate  a  closer  parallelism  between  the  basal  metabolic  rate  and 
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the  concentration  of  presumable  hormone  or  some  mathematical 

function  of  it.  f 

Thyroidal  Iodine.  Ordinarily,  the  iodine  content  of  blood  in  y- 

roidal  veins  is  greater  than  that  in  the  general  circulation  or  in  t  e 
thyroid  arteries.  Breitner  64  described  a  “flushing  out”  of  iodine  as 
blood  flowed  through  the  hyperactive  gland,  not  equaled  in  euthy- 
roidism.  His  finding  of  periodic  releases  of  iodine  raises  the  ques¬ 
tion,  advanced  also  by  Sturm,  that  the  secretion  of  the  thyroid  gland 
may  undergo  periodic  fluctuations,  occurring  over  rather  short 

intervals  of  time. 

For  many  years  the  theory  of  “dysthyroidism  was  in  vogue, 
signifying  that  in  thyrotoxicosis  an  abnormal,  highly  poisonous,  hor¬ 
monal  substance  was  being  liberated  from  the  gland.441, 397  It  has 
not  yet  been  possible  to  test  the  blood  directly.  Studies  of  the  thy¬ 
roid  itself,  however,  have  failed  to  reveal  an  unusually  toxic  sub¬ 
stance.  If  the  hyperactive  gland  be  removed  before  iodine  therapy 
and  tested  for  pharmacological  potency,  it  yields  only  a  poor  calori- 
genic  response  and  no  toxic  effect.301  After  io  days  of  iodine  therapy, 
Eppinger  and  Salter  159  isolated  the  thyroglobulin  from  human  glands 
and  obtained  a  classical  response  in  human  myxedema  without  un¬ 
toward  effects.  Thus  there  is  no  tenable  evidence  of  “dysthyroidism” 
in  exophthalmic  goiter. 

Iodine  Therapy.  The  classical  clinical  response  of  Graves’  dis¬ 
ease  to  iodine  therapy  is  accompanied  by  changes  in  the  various 
fractions  of  the  blood  iodine.  Of  course,  the  inorganic  iodide  rises 
rapidly,  but  the  most  interesting  point  is  that  the  “organische” 
fraction  decreases  at  once.251,252  As  yet,  the  falling  “organische” 
moiety  has  not  been  fractionated  into  “thyroxine-like”  iodine  and 
other  iodine. 

Despite  the  fact,  mentioned  earlier,  that  the  “organische”  and 
“anorganische”  blood  fractions  are  highly  arbitrary,  the  results  of 
Gutzeit  and  Parade 213,212  suggest  strongly  that  these  values  do 
indeed  reflect  physiological  changes  in  the  organism.  After  the  in¬ 
jection  of  inorganic  iodine  in  13  cases  of  frank  hyperthyroidism,  the 
high  iodine  quotient  fell  markedly  in  all  cases,  and  in  12  cases  the 
organische”  fraction  dropped.  Of  course  all  patients  showed  an 
increase  in  the  total  blood  iodine  which  ranged  from  9  to  52  gamma 
per  cent.  Clinically,  it  was  noted  that  when  the  “organische”  level 
decreased,  the  basal  metabolic  rate  and  the  pulse  rates  did  likewise, 
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as  shown  in  Fig.  7.  Metabolism  might  decline,  however,  without  a 
drop  in  “organische”  iodine. 

It  is  essential  to  distinguish  carefully  between  acute,  short  courses 
of  iodine  therapy  and  the  effects  of  long-continued  iodine  admin¬ 
istration.  This  contrast  can  be  observed  when  diiodotyrosine  is 
given  in  a  dose  of  0.1  gram  daily.212  The  acute  effect  is  usually  a 
proportionate  fall  in  “organische,”  “anorganische”  and  consequently 
in  total  iodine  concentrations.  Chronic  administration  (i.e.,  from 
5  to  12  weeks)  leads  to  a  rise  in  the  “organische”  and  total  iodine 
concentrations,  and  often  in  the  “anorganische”  fraction.  In  short, 
the  acute  effect  is  reversed  and  the  iodine  quotient  rises.  Simul¬ 
taneously,  clinical  exacerbation  of  the  disease  sometimes  occurs. 

Surgical  and  Radiation  Therapy.  Successful  surgical  treatment 
likewise  reduces  the  blood  iodine.548  After  ligation  of  both  superior 
thyroid  arteries,  both  the  total  iodine  and  the  “organische”  iodine 
fall  gradually  over  the  course  of  two  weeks,  i.e.,  from  74  to  45  gamma 
per  cent  (total  iodine).  After  subtotal  thyroidectomy,  within  a  few 
days  the  blood  iodine  falls  parallel  with  clinical  improvement.213 
Both  the  “organische”  and  “anorganische”  fractions  share  in  the 
decline. 

Gutzeit  and  Parade  213  point  out  that  the  indiscriminate  use  of 
iodine  medication  greatly  disturbs  endogenous  iodine  metabolism  and 
the  iodine  pattern  in  the  blood.  Thereby  queer  discrepancies  are 
produced  between  the  chemical  findings  and  the  clinical  status  of 
hyperthyroid  individuals.  If  one  is  careful,  however,  to  compare 
the  chemical  findings  in  florid  Graves’  disease  before  iodide  therapy 
with  similar  findings  observed  several  weeks  or  months  after  the 
intervening  total  thyroidectomy,  the  results  are  decisive  and  con¬ 
sistent.  By  the  time  the  basal  metabolic  rate  has  reached  normal 
limits  the  “organische”  iodine  has  become  normal  and  the  iodine 
quotient  is  within  normal  limits.  The  “anorganische”  fraction, 
however,  may  be  only  slightly  less,  so  that  the  total  iodine  gives 
little  evidence  of  marked  improvement  in  the  patient. 

In  cases  successfully  treated  with  iodine  before  operation,  the 
“organische”  blood  iodine  falls  or  remains  stationary  so  that  the 
balance  between  sympathetic  activity  and  endocrine  activity  is  at 
a  nearly  normal  status  by  the  time  of  operation.  In  other  words, 
under  iodine  therapy  the  hyperrrheic  thyroid  has  been  transformed 
into  a  hyporrheic  storage  gland.  On  the  other  hand,  if  the  blood 


CIRCULATING  IODINE  •  91 

“organische”  fraction  remains  high  and  increases  before  operation, 
the  operative  hazard  is  bad  because  the  organism  continues  to  be 
thyrotoxic.  Thus  appropriate  chemical  studies  before,  operation 
may  help  to  assess  the  operative  hazard.  As  described  in  Chapter 
XI,  continued  chemical  study  before  and  after  operation  may  assist 
in  formulating  an  opinion  as  to  later  progress. 

In  successfully  prepared  cases,  the  low  “organische”  iodine  often 
continues  after  operation.  Thus  the  operative  procedure  merely 
establishes  anatomical  exclusion  of  the  thyroid  in  place  of  the 
previously  existing  chemical  exclusion  of  the  gland  from  bodily 
economy.  Because  even  arterial  ligation  may  precipitate  a  thyroid 
crisis,  it  is  conceivable  that  not  much  increased  danger  is  incurred 
by  removing  the  gland  subtotally  when  “organische”  iodine  is  low. 

After  treatment  of  the  gland  in  hyperthyroidism  with  x-ray  or 
radium,  the  blood  iodine  falls  rapidly  to  about  8  or  9  gamma  per 
cent,45  from  a  median  value  of  nearly  26  gamma  per  cent  in  the  whole 
blood.  On  more  careful  study  during  the  initial  x-ray  reaction  in  the 
tissue,  however,  an  initial  increase  both  in  total  and  in  “organische” 
iodine  may  occur  within  two  hours  unless  these  levels  were  very  high 
previously.213  Perhaps  this  phenomenon  partly  explains  the  rare 
thyroid  storm  after  x-ray  therapy.  This  acute  rise  is  only  temporary, 
however,  and  soon  a  marked  fall  in  both  levels  follows  as  clinical 
improvement  ensues.  Of  course,  if  acute  clinical  exacerbation  of 
the  disease  occurs  later,  a  coincident  rise  in  the  blood  level  ensues.491 

Thyroid  “Storm.”  The  cause  of  the  dangerous  postoperative 
“storm,”  or  “shock”  (so-called)  has  been  the  subject  of  many  specu¬ 
lations  and  conflicting  data.  Recent  data,  however,  suggest  strongly 
that  a  sudden  flooding  of  the  circulation  with  hormone  may  occur  at 
operation  and  so  induce  the  dreaded  “storm.”  Even  uneventful 
cases  may  show  a  transient  postoperative  elevation  in  blood  iodine,114 
illustrated  in  Fig.  10.  The  blood  iodine  level  rises  in  the  first  few 
hours  after^  operation  (e.g.,  from  22  to  40  gamma  per  cent)  and 
then  drops.  Concomitant  depression  of  the  blood  cholesterol  and 
elevation  of  the  blood  sugar  accompany  the  increased  level.  In  four 
of  eight  cases  studied  by  Gutzeit  and  Parade  213  the  “organische” 
iodine  rose  within  two  hours  after  operation,  and  these  four  cases 
showed  increased  tendency  to  postoperative  disturbances,  perhaps 
due  to  a  mechanical  “squeezing  out”  of  hormone  from  the  <dand. 
Apparently  the  blood  iodine  may  subside  before  the  storm  breaks 
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in  the  tissues,  that  is,  blood  iodine  may  fall  before  symptoms 
become  marked.  It  is  interesting  that  postoperative  “shock”  after 
operations  upon  the  thyroid  may  be  relieved  by  the  intravenous 
administration  of  iodine.581  Presumably,  this  beneficial  effect  is  due 
merely  to  the  prevention  of  further  increase  in  circulating  hormone. 
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Fig.  io.  When  a  patient  with  exophthalmic  goiter  is  subjected  to  thyroidectomy, 
the  surgical  manipulation  may  lead  to  a  transitory  increase  in  the  “organische” 
blood  iodine  and  the  “iodine  quotient.”  The  ordinate  shows  total  iodine. 

From:  K.  Gutzeit  and  G.  W.  Parade,  Ztschr.  f.  klin.  Med.  133 :  528.  1937-38. 


Accordingly,  iodide  therapy  in  thyroid  storm  must  be  considered 
merely  as  a  prophylactic  measure  against  further,  later  increase  in 
the  degree  of  hyperthyroidism. 

Drugs  and  Hormones.  The  blood  iodine  in  hyperthyroidism  may 
be  influenced  very  slightly  by  drugs.  Likewise,  the  abnormal  met¬ 
abolic  rate  can  be  altered  by  hypothalamic  anesthesia.  Thus  large 
doses  of  “veronal”  or  “prominal”  (0.6  gram  daily)  definitely  de¬ 
press  the  basal  metabolic  rate  and  may  depress  the  blood  iodine 
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concentration  slightly.  Curiously  enough,  the  cholesterol  and  caro- 
tene  may  become  depressed  as  the  patient  improves  clinically, 
best,  however,  drugs  appear  to  be  of  minor  importance  from  the 
standpoint  of  practical  therapy. 

Apparently,  prominal  does  not  depress  thyroid  function  per  se, 
but  does  depress  the  irritability  of  centers  in  the  hypothalamus.21  •’  li 
these  centers  exert  a  constant  stimulating  effect  on  the  thyroid, 
the  net  effect  of  lengthy  anesthesia  does  not  disclose  this,  because 
the  total  iodine  falls  only  slightly.  Neither  the  “organische”  frac¬ 
tion  nor  the  quotient  changes  appreciably.  The  metabolism  does 
tend  to  fall,  but  the  result  can  be  explained  on  a  nervous  basis  ex¬ 
clusive  of  thyroid  activity.  Similarly,  Veil  and  Sturm  500  found  that 
after  the  administration  of  7  grams  of  digitalis  the  blood  iodine 
decreased  from  40  to  15  gamma  per  cent. 

Intravenous  adrenine  in  hyperthyroidism  causes  a  sudden  drop  in 
blood  iodine,  e.g.,  from  25  gamma  per  cent  to  5  gamma  per  cent.492 
After  24  hours  the  blood  iodine  level  is  normal  again.  On  a  preced¬ 
ing  page  it  has  been  emphasized  that  this  effect  is  opposed  to  that 
in  hypothyroid  cases.  The  effect  of  adrenine  simulates  that  of  vigor¬ 
ous  exercises,  and  discloses  the  same  discrepancy  between  the  normal 
and  the  hyperthyroid  gland.212  Indeed,  adrenine  gives  an  indication 
of  thyroid  functional  reserve  in  the  following  manner:  the  sub¬ 
cutaneous  injection  of  0.5  mg.  in  normal  individuals  produces  a  rise 
in  “organische”  iodine  coinciding  with  the  peak  of  the  circulatory 
response  (after  10  to  20  minutes),  although  the  total  iodine  of  the 
blood  does  not  change  much.  In  hyperthyroid  individuals,  on  the 
contrary,  the  thyroid  presumably  is  incapable  of  further  activity, 
because  no  extra  rise  in  “organische”  iodine  occurs,  despite  a  clear 
rise  in  blood  pressure. 

Little  is  known  about  the  effect  of  other  hormones  upon  the 
increased  blood  iodine,  although  there  may  be  a  depressant  effect 
of  ovarian  hormone  (i.e.,  estrin)  in  clinical  hyperthyroidism.517  Like¬ 
wise,  Cucco  found  that  the  hyperiodemia  of  the  menopause  was 
diminished  by  treatment  with  ovarian  extracts. 

In  recent  years  several  antithyroid  substances  have  been  de¬ 
scribed.  Cameron  11  reported  that  in  hyperthyroidism  both  the 
increased  blood  iodine  level  and  the  basal  metabolic  rate  were  dimin¬ 
ished  by  the  use  of  such  material.  Likewise,  Blum  47  and  Collip  and 
Anderson9'  have  used  antithyroid  substance  and  antithyrotropic 
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serum,  respectively.  The  rationale  for  using  the  latter  would  seem 
to  apply  only  in  disturbances  like  acromegaly  or  perhaps  like  simple 
goiter,  which  involve  pituitary  hyperactivity.  Indeed,  thyrotropic 
hormone  is  ^believed  to  be  deficient  in  Graves’  disease  by  some  in¬ 
vestigators.239  Anselmino  and  Hoffmann  17  have  studied  Blum’s  anti¬ 
thyroid  substance.  It  occurs  in  normal  blood  serum  and  in  the 
bone  marrow.  The  material  is  obtained  as  an  ether-acetone  extract 
of  normal  serum.  Its  concentration  in  the  blood  is  reduced  in 
patients  with  hyperthyroidism.  Its  mode  of  action  is  not  understood, 
but  apparently  it  acts  more  strongly  against  the  thyrotropic  hormone 
than  against  the  thyroid  hormone.1  (1  In  all  the  controversial  evidence 
bearing  on  antihormones,  there  is  no  clear  demonstration  of  im¬ 
munity  to  a  specific,  iodine-containing  prosthetic  group.572*  99 

Simple  Goiter 

In  simple  goiter  with  accompanying  euthyroidism,  the  blood  shows 
generally  a  low  normal  concentration  of  iodine.113  Such  glands 
merge  imperceptibly  into  the  group  in  which  there  is  hypofunction 
(i.e.,  in  nodular  goiters  of  long  duration),  with  a  consequent  tend¬ 
ency  toward  a  potentially  hypothyroid  state  of  the  organism.  In 
cases  with  normal  basal  metabolic  rates,  Elmer  and  Scheps  155, 139,p- 514 
found  the  blood  iodine  to  be  from  8  to  14  gamma  per  cent;  in  cases 
with  subnormal  basal  metabolisms  the  values  were  8  or  10  gamma 
per  cent.  Obviously,  there  is  no  clear  difference.  Furthermore,  the 
plasma  “P”  iodine  remains  within  normal  limits  for  a  long  time. 

Problems  Concerning  the  Iodine  of  the  Blood, 

In  a  recent  review  on  the  level  of  iodine  in  the  blood,  Perkin  and 
Lahey  433  have  pointed  out  the  present  “difficulty  in  determining 
the  absolute  amount  of  iodine  in  blood.  However,  the  fact  is  not 
precluded  that  the  results  of  determinations  of  iodine  in  the  blood 
of  different  patients  or  of  the  same  patient  at  different  times  are 
not  relative  one  to  another  when  estimated  by  the  same  method  and 
by  a  worker  familiar  with  the  method.  The  relative  blood  iodine 
values  have  added  considerably  to  the  present  conception  of  iodine 
metabolism  in  goitrous  conditions.”  As  improved,  iodine-free  re¬ 
agents  have  became  available,  and  as  technical  advances  in  the 
micro-estimation  of  iodine  have  been  made,  there  has  been  a  gradual 
decrease  in  the  apparent  concentration  of  normal  blood  iodine.  In 
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consequence,  many  of  the  “normal”  values  cited  in  the  preceding 
pages  would  indicate  markedly  elevated  concentrations,  if  judged 
by  the  latest  standards.  Two  recent  series  may  be  cited  as  examples. 

Very  recently  Turner,  DeLamater,  and  Province 531  have  em¬ 
ployed  the  “closed”  method  of  Trevorrow  and  Fashena  (see  Ap¬ 
pendix)  and  have  reported  a  series  of  determinations  on  normal 
individuals  living  in  New  York  City.  The  blood  iodine  of  twenty 
such  normal  males  ranged  from  3.8  to  8.6  gamma  per  cent,  with  an 
average  of  5.9.  Similar  values  for  normal  females  were  3.5  to  10.4 
gamma  per  cent,  averaging  6.8.  No  seasonal  variation  could  be 
demonstrated.  These  authors  arbitrarily  set  their  “normal  range” 
at  4.0  to  1 0.0  gamma  per  cent.  It  should  be  noted  that  these  values 
are  for  total  iodine  and  do  not  refer  to  the  organic  fraction  alone. 

Likewise,  Perkin  and  Lahey  433  reported  analyses  of  total  blood 
iodine  by  the  open-ashing  method  (see  Appendix) 

made  on  1,823  persons.  In  745  persons  who  presented  no  clinical  evidence  of 
thyrotoxicosis  the  average  (or  mean)  level  of  iodine  in  the  blood  was  6.8  micro¬ 
grams  per  hundred  grams.  The  values  for  blood  iodine  ranged  from  2  to  15 
micrograms  per  hundred  grams  of  blood,  with  61  persons  (8.2  per  cent)  having 
a  value  in  excess  of  the  upper  normal  limit  by  the  method  (10  micrograms  per 
hundred  grams).  The  results  showed  no  significant  variations  attributable  to 
age,  sex  or  season.  It  was  found  generally  that  normal  persons  of  a  vagotonic 
type  had  blood  iodine  values  within  the  lower  normal  range.  On  the  other  hand, 
normal  persons  of  a  sympathicotonic  type  were  found  usually  to  have  blood 
iodine  values  within  the  upper  normal  range.  Since  the  same  person  varies  in 
temperament,  the  level  of  iodine  in  the  blood  may  fluctuate  in  a  similar  manner. 
The  correlation,  however,  could  not  be  considered  absolute. 


The  blood  iodine  values  for  1,078  patients  with  clinical  hyper¬ 
thyroidism  were  also  known. 

The  average  value  for  blood  iodine  was  15.5  micrograms  per  hundred  grams, 
the  mean  level  was  considerably  less,  n  micrograms  per  hundred  grams  The 
range  was  from  2  to  100  micrograms  per  hundred  grams.  Approximately  34  per 
cent  of  the  patients  had  blood  iodine  values  of  less  than  10  micrograms  per 
hundred  grams.  As  previously  pointed  out,  the  presence  in  a  specific  case  of  an 

"°r  normal  blood  10dine  value  was  roughly  dependent  on  the  duration 
t  »rid  S3mdrome-  Akhough  the  level  of  iodine  in  the  blood  of 

rest  the  ^ T*  ***  be  influenced  b>'  states  of  excitement  or  of 

nf  th  fd  I  vanatlon  was  not  as  great  as  in  normal  persons.  The  aees 

apparent  in  the  effect  of  hyperthyroidism  on 

The  values  obtained  in  these  two  series  assume  increased  impor¬ 
tance  when  compared  with  averages  of  Gley  and  Bourcet,198  who 
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used  a  liter  of  blood  for  analysis.  In  1900,  they  reported  that  dog’s 
blood  contained  some  55  micrograms  of  iodine  per  liter,  i.e.,  5.5 
gamma  per  cent.  Nearly  two  generations  have  been  spent  in  reduc¬ 
ing  the  requisite  aliquot  sample  of  blood  to  10  cc.! 

More  study  of  the  partition  of  iodine  between  cells  and  plasma  is 
needed,  both  in  a  qualitative  and  a  quantitative  sense.  Most  of  the 
analyses  now  reported  in  the  literature  involve  the  two  phases  of 
whole  blood,  whereas  it  is  not  yet  clear  that  the  native  iodine  is 
uniformly  distributed.  In  fact,  recent  studies  at  the  Thorndike 
Memorial  Laboratory  by  Dr.  Albert  H.  Coons  and  Miss  Sophia  M. 
Simmons  indicate  that  the  ratio  of  plasma  “P”  iodine  to  cell  “P” 
iodine  is  as  follows:  for  myxedematous  individuals  0.9,  for  euthyroid 
individuals  1.0,  and  for  hyperthyroid  individuals  2.1.  Of  course, 
these  ratios  apply  only  to  blood  sampled  in  the  fasting  state,  and 
are  not  applicable  when  large  excesses  of  iodide  have  been  admin¬ 
istered.  Perhaps  these  ratios  will  help  to  explain  why  in  many  series 
values  for  hyperthyroid  patients  actually  overlap  those  for  euthyroid 
individuals,  even  though  the  upper  limit  in  hyperthyroidism  far 
exceeds  normal. 

In  Chapter  XI,  more  will  be  said  about  this  group  of  patients 
with  clinical  Graves’  disease  who  show  a  normal  blood  iodine.  Sev¬ 
eral  possible  explanations  suggest  themselves.283  In  theory,  Graves’ 
disease  may  exist  with  or  without  hyperthyroidism.327  Ordinarily, 
of  course,  the  thyroid  is  extremely  active  functionally  and  pours 
out  its  store  of  hormone  into  the  circulation.  When  the  thyroid 
reserve  is  exhausted,  however,  and  the  body’s  stores  of  iodine  are 
depleted,  may  not  the  primary  disease  continue,  without  very  ex¬ 
cessive  utilization  of  thyroid  hormone?  Or  perhaps,  instead,  such 
cases  have  a  high  “T”  iodine  fraction  with  little  or  no  “D”  iodine. 
Perkin  and  Lahey  refer  to  such  a  state  as  a  “relative  increase”  in 
organic  blood  iodine  “when  the  total  blood  iodine  is  still  within 
normal  limits.”  Less  likely  is  yet  another  possibility,  namely,  that 
excessive  utilization  of  thyroid  hormone  may  occur  without  any 
increased  concentration  of  thyroid  hormone  in  body  fluids  or  even 
without  an  excessive  excretion  of  iodine.  Obviously,  more  crucial 
experiments  must  be  made. 

In  particular,  a  better  understanding  of  the  qualitative  signifi¬ 
cance  of  “organische”  iodine  is  sorely  needed.  At  the  present  time 
most  of  the  available  data  are  based  upon  the  alcohol  separation 
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used  by  Lunde,  Closs,  and  Pedersen.346  The  author  believes  that 
this  method  gives  a  false  separation  of  the  blood  iodine.  For  this 
reason  the  terms  “anorganische”  and  “organische”  are  used  in  t  is 
volume  to  indicate  results  obtained  by  this  European  method,  in 
contrast  to  the  terms  organic  and  inorganic,  which  are  used  when¬ 
ever  the  author  believes  that  the  partition  of  physiological  iodine 

has  been  made  more  appropriately. 

Of  course,  much  work  remains  to  be  done  with  the  “T”  and  “D” 
fractions  in  the  plasma  of  clinical  cases.  A  simple  procedure  by 
which  they  can  be  separated  is  outlined  in  the  Appendix,  but  doubt¬ 
less  it  will  be  improved  upon  in  the  next  few  years.  In  general  it 
appears  that,  as  compared  with  the  normal  proportion  between 
“T”  and  “D,”  the  “T”  fraction  is  disproportionately  exaggerated 
in  frank  hyperthyroidism.  In  myxedema,  on  the  other  hand,  the 
“T”  fraction  approaches  the  blank  of  present-day  analytical  tech¬ 
nique.  When  iodide  is  administered  in  excess  for  several  days,  the 
“D”  fraction  often  increases  markedly,  even  in  normal  individuals 
and  in  myxedematous  patients.  This  increase  may  be  minimal  or 
absent  in  florid  Graves’  disease;  and  concomitantly  in  Graves’ 
disease  the  “T”  fraction  characteristically  falls  under  Lugol’s 
therapy. 

Recent  work  by  Dr.  Albert  H.  Coons  and  Miss  Sophia  M. 
Simmons  has  yielded  important  information  about  this  effect  of 
iodine  therapy  upon  the  plasma  “P”  iodine.  These  investigators 
measured  the  “P”  iodine  before  routine  Lugol’s  therapy  and  at  the 
end  of  a  week’s  daily  treatment  with  15  minims  of  liquor  iodi 
compositus  (U.  S.  P.).  In  florid  Graves’  disease  the  plasma  “P” 
iodine  fell  to  normal  values,  or  at  least  remained  low.  Recurrent, 
postoperative  hyperthyroidism  assumed  a  slightly  higher  level. 
Patients  with  toxic  nodular  goiter  and  normal  individuals  ranged 
higher,  at  about  30  to  50  gamma  per  cent.  In  myxedema  very  high 
values  for  plasma  “P”  iodine  were  sometimes  obtained,  e.g.,  well 
over  100  gamma  per  cent,  although  this  finding  was  not  invariable. 
In  short,  the  level  of  “P”  iodine  attained  in  the  plasma  under 
Lugol’s  therapy  appeared  (as  a  crude  approximation)  to  be  a  recip¬ 
rocal  function  of  the  net  thyroid  activity.  Control  observations  in 
which  iodide  was  added  to  the  patients’  plasma  in  vitro ,  showed  no 
change  in  “P”  iodine.  (See  footnote,  p.  99.) 

Thus  even  when  thyroid  activity  is  practically  nil,  a  high  con- 
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centration  of  organically  bound  iodine  may  accumulate  in  the  plasma 
if  large  amounts  of  iodide  are  present.  The  findings  warrant  the 
search  foi  some  enzyme  system,  i.e.,  an  iodase  connected  with 
thyroid  function,  such  as  Blum  and  de  Quervain  have  postulated. 
The  role  of  the  thyrotropic  hormone  in  this  mechanism  must  also 
be  investigated.  (See  footnote,  p.  99.) 

The  source  of  the  organically  bound  plasma  iodine  is  obscure, 
but  the  following  results  show  that  serum  protein  itself  can  not  be 
ignored.  At  the  Thorndike  Memorial  Laboratory  Drs.  Albert  H. 
Coons  and  Jytte  M.  Muus  have  iodinated  horse  serum  albumin  in 
stages.  Up  to  an  iodine  content  of  about  5  per  cent,  i.e.,  while  the 
constituent  tyrosine  was  being  iodinated,  no  therapeutic  effect  could 
be  detected  in  human  myxedema.  Likewise,  in  this  range  no  appre¬ 
ciable  “T”  fraction  could  be  separated  by  alkaline  hydrolysis.  As 
further  iodine  was  combined,  however,  thyroidal  activity  as  tested 
in  human  myxedema  became  evident,  e.g.,  near  7  per  cent  iodine. 
At  this  point  a  “T”  fraction  was  easily  separated.  The  potency  of 
the  iodo-albumin  increased  rapidly  as  more  iodine  entered  the  albu¬ 
min  molecule,  and  at  n  per  cent  iodine  approached  the  maximal 
activity.  Too  large  an  excess  of  iodine  altered  the  properties  of  the 
protein  considerably,  and  simultaneously  destroyed  the  endocrine 
activity.  These  findings  raise  still  another  problem.  Is  it  possible 
that  iodine  can  be  bound  in  the  “D”  form  in  the  absence  of  the 
thyroid,  but  that  thyroid  activity  is  needed  for  the  conversion  of 
“D”  iodine  to  “T”  iodine  in  vivo ? 

As  Perkin  and  Lahey  433  have  pointed  out,  “when  the  nature  of 
iodine  in  the  blood  and  the  influence  of  iodine  medication  on  the 
organic  iodine  components  of  the  blood  are  more  clear,  a  definite 
understanding  will  be  attained  regarding  the  iodine  metabolism  in 
diseases  of  the  thyroid.”  This  sentiment  is  especially  cogent  in 
clinical  hyperthyroidism,  because  the  hypothesis  of  Plummer  keeps 
recurring  in  the  literature,  to  the  effect  that  in  Graves’  disease  an 
abnormal  hormone  is  elaborated.  For  example,  in  describing  “The 
Mechanism  of  Secretion  in  the  Thyroid  Gland,”  Ludford  and 
Cramer  *  concluded  that  “secretion  in  the  thyroid  gland  in  exoph¬ 
thalmic  goitre  differs  .  .  .  from  that  in  the  normal  active  gland. 
...  The  mechanism  which  controls  the  passage  of  the  hormone 
into  the  circulation  is  no  longer  operative.  If,  moreover,  the  last- 

*  R.  J.  Ludford  and  W.  Cramer.  Proc.  Roy.  Soc.  104:  28.  1928-29. 
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mentioned  view  is  correct,  the  hormone  which  in  exophthalmic 
goitre  passes  into  the  blood  stream  directly  from  the  cell  may  be 
chemically  different  from  that  which  in  the  normal  gland  passes 
from  the  alveolar  lumen.” 

It  is  clear  from  the  foregoing  confession  of  ignorance  that  there 
are  great  opportunities  for  investigation  in  the  field  of  blood  iodine 
and  its  fluctuations.*  The  chief  impediment  is  no  longer  purely  a 
lack  of  reliable  micro-analytical  techniques.  The  prime  need  at 
present  is  a  better  understanding  of  the  qualitative  nature  of  the 
iodine  of  the  plasma.  This  problem  will  demand  a  considerable 
amount  of  skill  in  applied  physical  chemistry.  For  example,  it  was 
long  held  that  the  iodine  of  the  plasma  existed  as  a  colloidal  mole¬ 
cule,  because  it  did  not  pass  through  standard  dialyzing  membranes. 
Recently,  however,  Perkin  has  found  that  when  pure  thyroxine 
(dissolved)  is  added  to  plasma,  it  likewise  fails  to  appear  in  the 
dialysate.  Such  results  indicate  that  the  problem  must  be  attacked 
in  the  light  of  modern  knowledge  of  protein  chemistry  and,  in  par¬ 
ticular,  of  the  peculiar  behavior  of  zwitterions.  In  the  absence  of 
such  studies,  this  chapter  must  remain  a  simple  record  of  present 
quandaries  and  obscurities. 

*  With  regard  to  the  high  plasma  “P”  iodine  observed  after  iodide  therapy,  it  will 
be  important  to  determine  the  type  of  combination  by  which  the  iodine  is  held  to  the 
protein  coagulum.  It  might  be  (r)  simple  occlusion  of  iodide,  in  the  presence  of  an 
excess  of  dissolved  iodide;  in  other  words,  a  technical  artifact.  It  may  possibly  (2) 
represent  a  simple  acid  binding  by  protein.  Finally,  it  may  indicate  (3)  an  organic 
combination  of  iodine.  These  possibilities  remain  to  be  explored.  Because  the  phe¬ 
nomenon  may  be  found  in  athyreosis,  it  merits  careful  scrutiny. 

Likewise,  further  immunological  studies  should  be  made  with  partially  purified 
plasma  iodine  fractions.  In  this  connection  it  should  be  noted  that  the  clinical  observa¬ 
tions  of  Lerman  (cf.  p.  75)  have  been  confirmed  in  animals  by  L.  I.  Stellar  and 
H.  G.  Olken  (Endocrinology,  1940). 


CHAPTER  V 


THYROID  ACTIVITY 

Although  the  thyroid  is  the  chief  regulator  of  iodine  metabolism, 
it  is  not  the  purpose  of  this  review  to  discuss  the  thyroid  gland, 
its  chemistry  and  physiology.--0  It  must  suffice  here  to  consider 
certain  quantitative  aspects  of  its  endocrine  product,  especially  as 
it  concerns  iodine  compounds  and  their  calorigenic  effect. 

Manufacture  of  Hormone 

When  elementary  iodine  or  iodates  are  fed,  they  are  converted 
into  iodide  before  absorption.91  Both  iodine  and  diiodotyrosine  can 
be  absorbed  from  the  intestine  into  the  blood,  and  both  can  be 
removed  from  solutions  perfusing  the  isolated  thyroid  gland.  Al¬ 
though  the  gland  may  receive  iodine  from  tincture  of  iodine  painted 
on  the  skin  or  buccal  mucosa  547  or  by  inhalation  of  ethyl  iodide,317 
nevertheless  the  usual  source  for  hormonal  synthesis  evidently  is 
iodide  in  food  or  medication.  Using  radioactive  iodide,  Hertz,  Rob¬ 
erts,  Means,  and  Evans  241  recently  have  shown  that  the  normal  gland 
is  surfeited  with  newly  administered  iodine  within  15  minutes  after 
administration.  The  newly  trapped  iodine  is  combined  progressively 
with  the  thyroid  protein,  or  else  it  diffuses  back  into  the  blood,  so 
that  after  a  day  or  two  little  inorganic  iodide  remains  in  the  gland. 
Ultimately,  only  a  small  fraction  of  an  ordinary  therapeutic  dose 
remains  in  the  normal  gland,  although  an  iodine-starved  gland  may 
retain  as  much  as  18  per  cent  of  a  single  therapeutic  dose.352  With 
repeated  doses  the  iodine  content  of  the  gland  may  be  raised  to  over 
1  per  cent,  dry  weight.  After  such  treatment,  for  example,  the 
thyroids  of’ rabbits  contained  57  mg.  of  iodine,  as  compared  with 
16  mg.  in  thyroids  of  control  animals.374  Of  course,  organically 
bound  iodine  can  also  contribute  to  thyroid  stores.  For  example, 
Klein,  Pfeiffer,  and  Hermann  2S4  administered  “jodtropon”  for  a 
week  to  hemithyroidectomized  animals.  Of  22.6  mg.  of  iodine  so 
given,  5.1  mg.  were  retained,  of  which  1.9  mg.  were  recovered  from 
the  single  thyroid  lobe  and  3.2  mg.  from  all  other  tissues. 

The  total  iodine  in  the  whole  thyroid  of  apparently  normal  adult 


THYROID  ACTIVITY 


IOI 


men  may  vary  from  2  to  28  mg.  of  iodine.13'1  In  fresh  tissue  the 
iodine  concentration  varies  from  1.1  to  166  mg.  per  cent  (or  from 
12  to  431  mg.  per  cent  in  desiccated  thyroid).  Marine  believes, 
however,  that  human  tissue  outside  of  the  limits  0.1  to  0.55  per  cent 
(by  dry  weight )  should  be  considered  abnormal.  The  difficulty  in 
assessing  normal  values  is  enhanced  by  the  fact  that  the  iodine  con¬ 
tent  varies  with  diet,479  country,  season,  endocrinological  balance 
and  age.  Furthermore,  if  iodine  intake  is  low,  not  only  is  the  content 
of  the  thyroid  low,  but  compensatory  hyperplasia  of  the  tissue  further 
reduces  the  gross  iodine  concentration  and  exaggerates  the  deficiency. 
Of  the  iodine  so  stored,  normally  about  one-third  is  in  “thyroxine¬ 
like”  form  in  human  glands,  although  in  certain  animals  (e.g.,  Argen¬ 
tine  sheep)  this  value  may  approach  two-thirds.  In  other  words, 
the  major  portion  of  the  iodine  incorporated  in  normal  human  thyroid 
protein  has  reached  the  diiodotyrosine  stage,  but  has  not  been  built  up 
into  the  more  complex  thyroxine.*  When  the  gland  is  secreting 
hormone  at  full  capacity,  its  total  iodine  reserve  may  be  depleted  to 
less  than  one-tenth  of  the  normal  average.  Furthermore,  its  thy¬ 
roxine-like  reserve  may  nearly  disappear,  presumably  because  it  is 
removed  as  fast  as  it  is  synthesized. 

Various  estimates  of  apparent  thyroxine  in  the  whole  human 
thyroid  indicate  consistently  a  store  of  from  3  to  5  mg.,138  from 
0.2  to  5.9  mg.,315  or  from  0.9  to  7  mg.210  In  dog  thyroids,  Elmer  138 
found  0.7  to  1. 1  mg.  of  apparent  thyroxine,  in  rabbits  only  3  to  5 
gamma.  The  corresponding  figures  for  diiodotyrosine  are  2.0  to  6.1 
mg.  iodine  in  human  thyroids,  0.2  to  1.19  mg.  in  dog  thyroids  and 
4  to  18  gamma  in  rabbit  thyroids.  These  latter  figures  include 
inorganic  iodide,  which  is  presumed  to  be  negligible. 

Topographical  and  Seasonal  Variation.  When  the  ingesta  (in¬ 
cluding  medication)  contain  much  iodine,  the  thyroid  traps  large 
amounts,  yielding  a  concentration  exceeding  1.1  per  cent  by  dry 
weight.  On  the  contrary,  if  iodine  intake  is  low  the  content  of  the 
thyroid  is  low,  and  compensatory  hyperplasia  of  the  tissue  further 
reduces  the  percentage  content.  In  mountainous  countries  the  iodine 

“°f.the  f°0d  is  usually  low>  and  even  the  air  contains  little 
iodine  at  high  altitudes.  Here  low  values  for  the  thyroid  may 

occur.  On  the  contrary,  in  maritime  countries  like  Japan,190  where 


*  It  is  conceivable  that 
lipoid  combination.560 


a  very  small  amount  (2  per  cent)  of  the  iodine 


may  exist  in 


102 


ENDOCRINE  FUNCTION  OF  IODINE 

fish  and  seaweed  are  consumed,  the  fresh  thyroid  may  contain  very 
high  concentrations,  e.g.,  from  79  to  109  mg.  per  cent  of  fresh 
gland  (Mitsui,  1930).  McClendon  (1933)  found  that  seaweed  con¬ 
tains  at  least  a  thousand  times  as  much  iodine  as  any  other  form  of 
food;  indeed,  one  plant  may  yield  26  mg.  iodine.  In  this  connection 

the  use  of  burnt  sponge  by  the  ancients  for  treating  goiter  is  in¬ 
teresting. 

In  some  parts  of  the  world,  like  the  British  Isles,  the  time  of  year 
seems  not  to  influence  the  thyroid  iodine,  as  shown  in  Table  25.  By 

TABLE  25 

Iodine  in  Desiccated  Thyroid  Glands  of  English  Sheep  (Martin) 

Per  cent  of 


I9U  dry  gland 

July  .  0.40 

August .  0.36 

September  .  0.34 

October .  0.38 

November  .  .  . . .  0.30 

December  .  0.34 

1912 

January .  0.32 

February .  0.32 

March  .  0.34 

April  .  0.30 

May .  0.34 

June .  0.38 


From:  E.  C.  Kendall,  Thyroxine,  New  York,  The  Chemical  Catalog  Co.  (Reinhold  Publishing 
Corp.)  1929.  p.  55- 

some  this  has  been  attributed  to  a  constant  iodine  supply  from  the 
sea.  In  the  Mississippi  Valley,  however,  seasonal  variations  are  very 
important.  Thus  Kendall  and  Simonsen-11  found  that  the  total 
iodine  is  highest  in  midsummer  and  lowest  in  February.  Moreover, 
similar  fluctuations  occur  in  the  thyroxine-like  and  diiodotyrosine 
fractions.  The  “thyroxine”  fraction  may  practically  disappear  in 
February.  Various  explanations  of  this  cycle  have  been  advanced, 
among  them  the  higher  iodine  in  the  diet  in  spring  and  summer  and 
the  greater  secretion  of  thyroid  hormone  in  cold  weather,  connected 
with  changes  of  endocrine  balance  in  the  winter.  Since  the  rise  of 
iodine  in  the  thyroid  and  likewise  in  the  blood  puts  in  its  appearance 
in  March,  before  iodine-rich  foods  are  available,  many  investigators 
favor  the  latter  explanation. 
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Bennholdt-Thomsen  and  Wellmann  ( 1934)  found  that  the  actl0n 
of  ultraviolet  light  or  the  feeding  of  irradiated  ergosterol  can  in¬ 
fluence  iodine  metabolism.  Their  control  rats,  kept  in  the  daik 
from  February  to  June,  showed  a  hyperactive  thyroid  with  21 1 
gamma  per  cent  iodine  (dry  tissue)  and  a  low  blood  iodine  (25 
gamma  per  cent).  The  test  animals,  exposed  to  light  or  fed  vitamin, 
showed  a  resting  thyroid  containing  112  to  167  gamma  per  cent, 
whereas  the  blood  iodine  was  increased  to  from  31  to  40  gamma  per 
cent.  On  the  contrary,  Elmer,  Giedosz,  and  Scheps  144  were  unable 
to  change  the  aspect  of  the  thyroid  with  vitamin  D.  Positive  effects, 
however,  were  found  by  Nitschke  (1933),  who  reported  hypoiodemia 
in  lack  of  the  vitamin,  and  by  Goormaghtigh  and  Handovsky  (1935)5 
who  observed  a  thyrotropic  action  with  small  doses  and  a  depression 
of  the  thyroid  with  large  doses  of  the  vitamin.  In  general,  then,  the 
cyclic  variation  in  iodine  seems  to  be  the  net  result  of  a  complex 
situation.  (Cf.  p.  191.) 

As  will  be  more  clear  from  the  chapter  on  thyropituitary  inter¬ 
relationships,  seasonal  or  other  changes  in  thyroid  activity  affect, 
and  are  reciprocally  influenced  by,  the  activity  of  other  endocrine 
glands.  Thus  in  the  summer,  when  the  sex  glands  of  birds  are 
hypertrophic,  the  thyroid  is  atrophic  and  contains  little  colloid. 
In  hibernating  animals,  e.g.,  the  hedgehog,  bat,  and  marmot,  seasonal 
changes  are  most  marked.  Their  thyroids  show  regressive  histologi¬ 
cal  changes  during  hibernation,  and  an  active  histological  picture  in 
the  summer.  Indeed,  thyroidectomized  rabbits  do  not  show  an  in¬ 
creased  gaseous  metabolism  in  summer,  whereas  normal  rabbits  show 
both  increased  gaseous  metabolism  and  increase  in  total  thyroid 
iodine  (especially  of  the  thyroxine  fraction).  Veil  assumes  that  some 
unknown  rhythm  controls  these  variations;  nevertheless  it  is  clear 
that  the  endocrines  participate  in  the  cycle. 

Ebb  and  Flow  oj  Thyroid  Iodine.  The  gland  can  regulate  iodine 
metabolism  44r’  by  fixing  iodine  and  anchoring  it  to  colloidal  mol¬ 
ecules,  or  by  releasing  such  iodinated  molecules  or  fragments 
thereof  into  the  circulation.  The  action  of  the  gland  depends  largely 
upon  the  properties  of  the  blood  which  perfuses  it.  Foot,  Baker 
and  Carrel  have  studied  isolated  human  thyroids  preserved  in 
the  Lindbergh  apparatus,  and  found  that  the  final  histologic  picture 
epended  on  the  nature  of  the  perfusate,  not  on  the  previous  con¬ 
dition  of  the  gland.  Likewise,  Sturm  527  was  able  to  study  the  result 
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of  various  concentration  gradients  on  the  storage  of  thyroid  iodine 
by  working  with  isolated  thyroids  perfused  with  solutions  contain¬ 
ing  various  concentrations  of  iodide.  With  concentrations  up  to 
500  gamma  per  cent  of  iodide  in  the  perfusing  fluid,  the  gland  re¬ 
moves  iodide  from  the  arterial  blood,  thus  producing  a  demonstrably 
lower  venous  concentration.  Above  a  concentration  of  500  or  600 
gamma  per  cent,  a  short  period  of  iodide  retention  is  followed  with¬ 
in  20  minutes  by  iodine  elimination,  so  that  the  iodine  level  in  venous 
blood  is  higher  than  in  the  arterial  blood.  Thus  the  gland’s  iodine 
reserve  is  reduced  and  organically  bound  iodine  is  released.  This 
latter  situation  seems  highly  abnormal,  and  probably  has  little 
direct  physiological  significance,  but  it  does  demonstrate  that  the 
storage  mechanism  is  reversible.  It  is  puzzling  that  organic  prepara¬ 
tions  like  “jodtropon,”  or  even  thyroxine,  when  perfused  through 
the  isolated  gland  are  not  themselves  stored,  nor  do  they  influence 
retention  or  release  of  thyroid  stores.527  Because  this  finding  might 
suggest  that  iodine  can  enter  the  thyroid  only  in  inorganic  form,  it 
deserves  further  study.  Unfortunately,  such  data  on  diiodotyrosine 
are  not  available. 

Sturm  527  also  tested  surviving  thyroids  from  dogs  which  had 
been  “satiated”  with  iodide  for  one  or  two  weeks  previously.  These 
glands,  when  perfused  with  a  solution  containing  iodide,  quickly 
reacted  by  elimination  of  iodide!  Three  weeks  after  cessation  of 
iodide  feeding  to  the  animals,  the  gland  approached  the  normal 
reaction.  Similar  studies  were  made  with  glands  from  dogs  which 
had  been  rendered  thyrotoxic  by  administering  “thyroidin”  or  thy¬ 
roxine  for  several  weeks.  Such  glands  were  atrophic,  reduced  to 
nearly  half  the  normal  size  and  showed  flattened  acinar  epithelium 
lining  follicles  filled  with  colloid.  Four  such  glands,  however,  re¬ 
acted  normally  to  perfusion  with  iodide  by  storing  iodine.  One  other 
gland  excreted  iodine  when  the  concentration  in  the  perfusate 
reached  220  gamma  per  cent.  Apparently  the  hormonal  iodine, 
exogenous  in  origin,  does  not  often  yield  enough  iodide  by  decomposi¬ 
tion  to  satiate  the  gland. 

Regulation  of  Iodine  Turnover.  Besides  delivering  hormone  to 
the  tissues  at  large,  the  thyroid  serves  also  as  a  reservoir  for  iodine, 
in  which  capacity  it  can  regulate  minor  fluctuations  in  blood  iodide. 
Perkin  432  and  others  have  shown  that  in  myxedema  the  blood  iodine 
remains  elevated  longer  than  in  a  normal  man  after  a  single  dose 
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of  iodide.  Nevertheless,  urinary  iodide  elimination  is  more  rapid 
in  myxedema  (Courth105).  Evidently  the  presence  of  the  thyroid 
allows  other  tissues  to  fix  iodide  more  effectively.  Indeed,  Maurer 
and  Ducrue  374  found  that  the  internal  organs  of  thyroidectomized 

animals  lose  their  power  to  store  iodine. 

In  particular,  when  potassium  iodide  is  administered,  the  re¬ 
sponse  of  the  normal  thyroid  depends  upon  the  route  and  duration 


Fig.  ii.  The  effect  of  iodine-adequate  and  iodine-deficient  rations  upon  the  thyroid 
glands  of  rats.  The  weight  of  the  thyroids  is  given  in  milligrams  per  ioo  grams  of 
body  weight. 

From:  R.  E.  Remington  and  H.  Levine,  J.  Nutrition,  n:  347.  1936. 


of  administration,  the  state  of  the  animal,  the  dosage  used,  the 
species  and  possibly  even  the  external  temperature.  The  gland  may 
be  suppressed  by  doses  below  5  mg.  or  by  very  large,  continued  doses. 
With  regard  to  small  doses,  whereas  0.1  gram  may  produce  6,000 
mitoses,  only  200  mitoses  appear  after  the  administration  of  0.01 
gram.33 '  After  intraperitoneal  injection  a  maximum  effect  may 
occur  after  10  days,  which  is  much  sooner  than  after  oral  administra¬ 
tion.  After  the  cessation  of  iodine  feeding,  at  the  peak  of  the  re¬ 
sponse,  the  thyroid  returns  to  normal  within  a  week.440  Prolonged 
feeding  of  iodide  for  one  month,  however,  may  suppress  thyroid 
activity,  as  shown  in  Fig.  11,  rather  than  stimulate  it.  This  is  true 
even  when  large  doses  of  iodide  are  administered. 
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W  hen  the  gland  is  hyperfunctioning  due  to  continued  cold,  iodide 
suppresses  the  mitotic  activity,  rather  than  exciting  it  as  it  does  in  the 
control  animals. 

guinea  pigs,  and  rats  have  been  found  to  react  differently 
to  iodide.  Thus  Marine  and  Lenhart  360  found  that  iodide  reduced 
thyroid  function  in  dogs,  whereas  Gray  and  Loeb  (1928)  found 
stimulation  in  the  guinea  pig.  Rabinowitch  likewise  found  stimulation 
in  rats,  but  with  smaller  dosage.446 

Many  authors  have  assumed  that  a  gland  showing  active  mitosis 
was  necessarily  actively  secreting  hormone  into  the  blood  stream. 
Siebert  and  Linton  508  found,  however,  that  this  is  by  no  means  the 
case.  Normal  guinea  pigs  show  no  appreciable  rise  in  basal  metabo¬ 
lism  after  treatment  with  iodide  and  thyroidectomized  guinea  pigs 
show  a  slight  fall  in  tissue  metabolism.  The  author  has  suggested  470 
that  the  active  thyroid  gland  may  secrete  internally  into  its  follicles 
(“endocretion”),  depending  upon  the  polarity  of  the  follicular 
cells.00’*  The  most  striking  example  of  this  is  the  response  of  the 
gland  to  iodide  therapy  in  exophthalmic  goiter,  as  will  be  described 
shortly. 

.When  diiodotyrosine  was  administered  by  Abelin  and  Wegelin,10 
the  normal  thyroid  showed  only  flattening  of  the  epithelium  and  ac¬ 
cumulation  of  colloid;  no  stimulating  effect  was  noted.  Likewise, 
the  thyroid  hormone  depresses  mitoses  to  one-fourth  the  normal 
number,  and  “thyroidin”  depresses  compensatory  hyperplasia  after 
hemithyroidectomy.  Loeb  331  found  that  this  probably  results  from 
diminution  of  thyrotropic  output  from  the  pituitary.  Indeed, 
Sturm  527  gave  “thyroidin”  to  dogs  over  long  periods  and  so  produced 
atrophic,  resting  thyroids. 

The  ability  of  the  thyroid  to  take  up  iodine  depends  in  large 
measure  upon  iodine  content.558  Thus  the  nearly  empty  follicles  in 
thyrotoxicosis  testify  to  the  avidity  with  which  the  gland  removes 
iodide  from  the  circulation.566  Consequently,  iodide  fails  to  ac¬ 
cumulate  in  the  blood  and  the  iodide  tolerance  curve  is  low,  as 
pointed  out  by  Elmer,13'  Perkin  and  Lahey,4,3  and  Fitz.1'4 

Under  these  conditions  inorganic  iodide  accumulates  in  the  gland, 
and  its  transformation  into  diiodotyrosine  begins  under  the  influence 
of  an  enzyme  system,  “iodase,”  hypothecated  by  Blum  and  Griitzner 
(1914).  Gutman,  Benedict,  Baxter,  and  Palmer-10  described  this 
process  in  the  human  gland,  and  noted  progressive  transformation 
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of  the  diiodotyrosine  into  thyroxine-like  material  in  a  seiies  of 
glands,  illustrated  in  Fig.  2,  representing  the  first  week  of  therapy. 
Thereafter  a  stable  composition  of  the  colloid  was  found,  indicating 
that  iodine  accumulated  no  faster  than  the  normal  composition  of 
thyroglobulin  would  warrant,  i.e.,  thyroxine-like  iodide  at  one-third 
of  the  total  iodine. 

When  the  gland  is  not  empty  of  colloid,  or  when  large  amounts 
of  iodide  are  administered,  the  inorganic  state  persists  in  the  gland, 
as  found  by  A.  Kocher  288  in  man,  and  by  Sturm  527  in  surviving 
canine  glands. 

When  large  amounts  of  iodide  are  given,  part  of  the  inorganic 
iodide  accumulated  by  the  gland  is  turned  back  into  the  circulation 
and  excreted.241  The  rest  is  transformed  gradually  into  thyroid 
protein. 

Endocrinological  Regulation  oj  Thyroid  Activity.  Although  the 
question  of  endocrine  balance  is  discussed  in  Chapter  VI,  two  im¬ 
portant  points  should  be  emphasized  in  relation  to  the  control  of 
thyroid  activity.  First,  Loeb 331  found  that  “thyroidin”  inhibited 
the  action  of  thyrotropic  hormone,  probably  per  se  and  not  through 
its  iodine  content.  Its  effect  was  more  marked  than  that  of  in¬ 
organic  iodine.  Indeed,  Gray  and  Rabinowitch  (1929)  found  that 
“thyroid”  alone  checks  normal  thyroid  function.  In  this  respect 
the  thyrotropic  hormone  may  be  said  to  produce  its  own  antagonist. 

Secondly,  the  effect  of  iodide  on  thyroid  hormone  is  complicated. 
As  stated  elsewhere,  the  observations  of  Sturm  527  show  that 
the  thyroid  itself  responds  to  small  doses  of  iodide  by  retention  and 
to  large  doses  by  a  sort  of  iodine-catharsis.  Direct  study  of  the 
thyrotropic  activity  of  surviving  pituitary  tissue,  however,  also 
indicates  that  iodine  can  affect  the  anterior  pituitary  in  vivo. 
Loeser  330  gave  doses  above  physiological  amounts,  but  nevertheless 
small  from  a  pharmacological  standpoint.  He  found  the  thyrotropic 
content  of  pituitary  tissue  diminished.  On  the  contrary,  it  is  clear 
that  iodide  does  not  prevent  hyperthyroidism  in  man  when  the 
thyroid  hormone  is  administered  from  an  exogenous  source.503  Pe¬ 
ripheral  end-organ  action,  therefore,  must  often  be  very  slight. 

Daily  Production  oj  Hormone.  On  the  basis  of  substitution 

erapy  in  human  athyreosis,  it  seems  clear  that  the  human  thyroid 
secretes  about  H  mg.  of  thyroxine,  or  its  equivalent,  in  24  hours 
On  the  basis  of  iodine  balances,  the  optimal  daily  requirement 
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not  less  than  ioo  gamma  iodine,  nor  more  than  200  gamma 
iodine.139- p- 2“  Means  384  summarized  his  own  data  and  the  data  of 
others,  and  reached  much  the  same  conclusion.  Eppinger  and 
Salter  1,>J  confirmed  his  value  by  treating  human  myxedema  with 
purified  human  thyroglobulin. 

The  amounts  of  hormonal  iodine  in  the  body  can  be  estimated  from 
the  rate  of  decay  of  the  metabolic  rate  in  myxedema.56  Such  cal¬ 
culations  suggest  that,  exclusive  of  the  thyroid,  an  average  human 
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Fig.  12.  Requirement  of  hormone  with  varying  metabolism.  Collateral  data  on  a 
single  individual,  reported  in  part  by  Means  and  Lerman,3*’  whose  curves  for 
iodine  response  and  metabolic  decay  are  reproduced.  The  straight  line  serves  three 
purposes,  provided  the  appropriate  scales  are  observed:  (a)  with  the  right-hand  ordinate 
and  the  topmost  abscissa,  the  curve  of  Means  and  Lerman  is  illustrated  as  a  logarithmic 
function;  ( b )  with  the  left-hand  ordinate  and  the  lowest  abscissa  (open  triangles),  the 
hormone  stored  in  extrathyroidal  tissue  is  shown,  as  estimated  by  mtegr ation  of  the 
decay  curve  against  time;  (c)  with  the  left-hand  ordinate  and  the _ mtermediate  ab¬ 
scissa  (solid  circles)  are  shown  actual  observations  by  Lerman  and  Salter  of  t 
requirement  of  thyroxine-iodine  at  several  levels  of  hyperthyroidism.  These  data  are 
supplemented0  by  data  (crosses)  of  Thompson  -  from  another  case  recovering 

from  myxedema. 

From:  W.  T.  Salter,  Physiol.  Rev.  20:  365.  *940. 
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adult  contains  some  io  to  20  mg.  of  iodine,  of  which  about  two- 
thirds  is  in  the  form  of  thyroid  hormone.  These  values  are  surpris¬ 
ingly  consistent  with  actual  analyses  of  tissues  given  elsewhere. 
The  author  and  Lerman  319  have  similarly  observed  the  daily  con¬ 
sumption  of  a  single  hyperthyroid  individual  at  various  levels  of 
metabolism.  This  patient,  previously  reported  by  Means  and 
Lerman,389  was  subsequently  treated  alternately  with  crystalline 
racemic  thyroxine  (intravenously),  and  with  Armours  desiccated 
thyroid  (U.S.P.)  by  mouth.  Taken  together  with  (/)  the  decay 
curve,  and  (2)  the  iodine  response  reported  by  Means  and  Lerman, 
these  additional  data,  — i.e.,  on  (3)  daily  utilization  at  various 
levels,  (4)  differential  effect  of  thyroxine  as  compared  with  whole 
thyroid,  and  (5)  the  theoretical  hormone  content  of  the  body  tissues, 


TABLE  26 

Response  to  Thyroxine  and  Desiccated  Thyroid 


Iodine  in  Substance  used 


Medication 

(mg.  per  daily  dose) 

Level  of 

Thyroxine- 

B.M.R. 

iodine 

Total  iodine 

None . 

.  O 

0 

-15 

Desiccated  thyroid  . 

.  O.17 

0.6 

O 

c15h,ani,  . 

.  O.5 

0-5 

+  19 

Desiccated  thyroid  . 

.  1-4 

4-7 

+  30 

CiJLO.NI, 

.  4-7 

4-7 

+  60 

as  estimated  by  integration  of  the  decay  curve  against  time,  —  all 
collected  on  a  single  individual,  are  extremely  interesting  because 
they  supplement  and  reinforce  one  another.468  Data  on  (7),  (2), 
(3),  and  (5)  are  graphically  presented  in  Fig.  12.  The  daily  utiliza¬ 
tion  (j),  and  the  calculated  content  of  the  organism  (5)  both  rise 
logarithmically  with  the  basal  metabolic  rate.  The  dosage  319  required 
at  a  steady  state  of  metabolism  is  shown  in  Table  26,  together  with 
comparative  effects  of  whole  thyroid  and  thyroxine.  The  desiccated 
thyroid,  by  analysis,  contained  29  per  cent  of  its  iodine  in  the  form 
of  thyroxine.  In  the  hyperthyroid  range  the  actual  thyroxine  admin¬ 
istered  is  more  important  than  the  total  iodine  in  the  thyroid  sub¬ 
stance  used.  This  is  not  true  in  clinical  myxedema  318  as  explained 
later  in  this  chapter. 

Genesis  of  Thyroidal  Activity.  There  is  now  no  doubt  that  the 
physiological  equivalent  of  the  thyroid  hormone  may  be  produced 
readily  outside  of  the  thyroid,  as  demonstrated  by  the  data  of 


no 
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Lerman  and  Salter/-  already  described.  Their  observations  raise 
the  following  questions:  (/)  does  thyronine  (thyroxine  minus  all 
four  iodine  atoms)  exist  preformed  in  serum  protein  as  an  essential 
amino-acid,  awaiting  iodination;  (a)  does  the  process  of  iodinating 
the  protein  also  change  molecular  configuration  so  as  to  produce 
physiological  activity;  (3)  can  the  thyroidless  organism  synthesize 
iodothyronine  molecules  from  other  iodinated  residues? 

The  classical,  rapid  recovery  of  these  individuals  confirms  Abelin’s 
report 0  of  the  production  of  extrathyroidal  hormone.  Moreover,  the 
fact  that  serum  albumin,  when  simply  iodinated,  can  completely 
relieve  human  myxedema  casts  doubts  upon  the  prevailing  concep¬ 
tion  that  the  gland’s  function  is  specifically  to  manufacture  a  hormone 
de  novo.  Lately,  the  synthesis  from  diiodotyrosine  75  has  been  con¬ 
ducted  directly  in  vitro.401  In  vivo ,  Condorelli 100  found  that  dogs 
treated  with  0.1  gram  of  diiodotyrosine  daily  remained  healthy 
despite  thyroidectomy.  On  the  other  hand,  only  feeble  calorigenic 
action  can  be  demonstrated  when  huge  doses  of  diiodotyrosine  are 
administered  to  human  patients  with  myxedema.539  There  seems 
to  be  some  peculiar  function  of  protein  combination,  perhaps  in 
orienting  hydroxyl  groups  or  in  sealing  off  the  amino-acid  chains. 
Indeed,  Cohn,  Salter,  and  Ferry  93  noted  a  strange  disappearance  of 
tyrosine  acidity  on  titrating  iodoglobin.  (Cf.  P.  Block,  Jr.,  1940.) 

Recently,  Ludwig  and  Mutzenbecher  344  have  reported  the  isola¬ 
tion  of  thyroxine  itself  and  of  monoiodotyrosine  from  alkaline  digests 
of  iodinated  casein  and  serum  protein.  Working  with  serum  albumin, 
the  author  has  obtained  only  a  substance  resembling  diiodothyronine 
and  a  tetraiodo  compound  resembling  deaminated  thyroxine,  but 
giving  no  Kendall-Osterberg  reaction.  This  work  is  highly  interest¬ 
ing,  but  as  yet  too  recent  to  be  evaluated. 

Ordinarily,  however,  it  is  clear  that  the  thyroid  gland  supplies 
the  organism  with  the  form  of  thyroid  hormone  which  circulates 
in  the  blood.  What  this  naturally  occurring  form  may  be  is  still  a 
matter  for  conjecture,  although  the  following  observations  on  the 
calorigenic  effect  of  various  iodine  compounds  have  definitely  limited 
the  possibilities. 

Calorigenic  Activity  of  Thyroid  Hormone  in  Various  Forms 

There  is  little  doubt  that  thyroxine  274  qualitatively  reproduces 
the  full  effect  of  the  thyroid  hormone,  because  in  human  myxedema 
substitution  therapy  with  crystalline  thyroxine,  judiciously  admin- 
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istered,  affords  complete  relief  indefinitely.  It  should  be  emphasized 
further  that  the  relief  of  human  myxedema  is  the  most  reliable  test 
available  for  thyroidal  activity,  and  that  results  so  obtained  by  ex¬ 
perienced  clinical  investigators  are  more  convincing  than  the 
measurement  of  oxygen  consumption  in  animals  or  than  metamor 
phosis  experiments  with  tadpoles  and  axolotl.0  This  is  especially 
true  if  quantitative  observations  lead  to  generalizations  which  are  to 
be  applied  in  the  clinic. 

Harington  and  Salter  229  isolated  levorotatory  thyroxine  from  thy¬ 
roid  protein.  When  the  d-  and  1-  forms  made  in  Harington’s  labora¬ 
tory  were  tested  by  Salter,  Lerman,  and  Means  4‘3  in  human 
myxedema,  no  difference  in  activity  could  be  discerned.  In  tadpole 
metamorphosis  and  in  rat  metabolism,  however,  Gaddum  191  found 
1-thyroxine  to  be  thrice  as  effective  as  the  d-  form.  This  material 
also  came  from  Harington.  Similarly,  Foster,  Palmer,  and  Leland  1,9 
found  in  normal  guinea  pigs  that  1-thyroxine  is  twice  as  active  as 
dl-  thyroxine;  hence,  they  infer  the  d-  form  to  be  inactive,  but  no 
direct  test  of  the  d-  form  was  made  to  prove  it  inert.  The  author 
believes  that  the  difference  in  these  results  is  due  to  biological 
dynamics,  i.e.,  differences  in  rates  of  excretion,  destruction  and 
storage  in  various  species  receiving  various  dosages  at  different 
levels  of  thyroid  function. 

Thyroxine  Derivatives.  The  high  specificity  of  the  chemical 
configuration  of  thyroxine  was  demonstrated  224  by  synthesizing  an 
isomer  of  thyroxine  called  “iso-thyroxine,”  namely,  p/3- di  (3, 
5-diiodo-4-hydroxyphenyl)  a-amino-proprionic  acid.  Its  proximate 
analysis  and  molecular  weight  are  the  same  as  the  corresponding 
values  previously  determined  for  thyroxine.  The  two  phenyl  groups, 
however,  are  directly  linked  to  carbon,  whereas  in  thyroxine  they 
constitute  a  diphenyl  ether  combination.  Because  this  substance  is 
inert,  the  thyronine  configuration  must  be  highly  essential.  Likewise, 
the  iodine  is  highly  essential  because  removal  of  the  two  (3',  5') 
iodine  atoms  on  the  outer  ring  reduces  the  activity  to  4  per  cent  that 
Of  thyroxine.  This  diiodothyronine  has  been  tested  in  human  myxe¬ 
dema,  . ; and  in  animals.19'.  »• «»  When  all  four  iodine  atoms  are 
removed  it  probably  has  no  discernible  activity.191’4  * 

When  all  four  atoms  are  replaced  by  bromine  the  resulting  tetra- 


t.0„  in  isolated  liver  tissue  treated  with  the  iodine-free  material  “ 
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bromthyronine  has  an  activity  only  a  fraction  of  a  per  cent  of  that 
of  thyroxine.  ^  \\  hen  only  the  outer  two  halogens  are  bromine  or 
chlorine,  the  inner  two  being  iodine,  an  activity  resembling  that  of 
diiodothyronine  is  obtained. -i  In  tadpoles,  thyroxamine,  i.e.,  decar- 
boxylated  thyroxine,  may  have  moderate  activity,3  although  Haring- 
ton believes  it  to  be  inert.  Further  changes  in  the  chemical 
structure  of  thyroxine  cause  practically  complete  loss  of  activity. 

There  is  disagreement  as  to  the  activity  of  esters  and  peptides  of 
thyroxine.  Harington  220  believes  that  the  amino  group  need  not  be 
free,  but  Kendall  disagrees.  Likewise,  Kendall  275  maintains  that 
the  acetyl  derivatives  of  thyroxine  have  at  best  weak  activity, 
whereas  Gaddum  191  and  Hoskins  253  found  high  activity  both  in 
diacetylthyroxine  ethyl  ester  and  n-acetylthyroxine. 

Halogenated  tyrosine  may  influence  metamorphosis  and  the  metab¬ 
olism  of  amphibia.  Difluortyrosine,  however,  is  inert  and  may  even 
antagonize  thyroidal  action.328, 296  The  dibrom-compound  is  essen¬ 
tially  inert  in  tadpoles,  but  does  stimulate  the  metamorphosis  and 
gaseous  metabolism  of  axolotl  when  given  in  large  doses.3  Diiodoty- 
rosine  causes  tadpoles  slowly  to  undergo  metamorphosis,  but  its 
effectiveness  is  only  4  per  cent  that  of  thyroxine. 

Although  there  is  some  evidence  that  diiodotyrosine  has  a  mild 
calorigenic  effect,539, 448  the  doses  needed  are  huge  and  it  will  not 
relieve  human  myxedema.  To  be  sure,  it  is  highly  effective  in  de¬ 
pressing  basal  metabolism  in  exophthalmic  goiter,  but  no  more  so 
than  an  equivalent  amount  of  iodide. “u  Likewise,  it  inhibits  the 
action  of  thyrotropic  hormone,  as  explained  elsewhere. t  Thus, 
although  the  suspicion  is  strong  223  that  it  is  the  natural  precursor  of 
thyroxine,  this  synthetic  process  has  not  yet  been  observed  directly 

in  vivo. 

In  summary,  the  high  activity  of  thyroxine  is  connected  both  with 
its  diphenyl-ether-alanine  structure  and  also  with  its  substituted 

halogens. 

Several  investigators  274,441’397  have  maintained  that  thyroxine 
alone  cannot  be  considered  the  only  hormone  secreted  by  the  gland. 


*  Rapport  finds  that  the  effect  on  metabolism,  referred  to  tyrosine,  is  as  follows: 
tyrosine  =  i;  diiodotyrosine  =  6  to  8;  diiodothyronine  =  7  X  *5!  thyroxine  -  7  X 
2<  V  20  or  3500.  See  discussion  by  Kommerell. 

t  This  pharmacological  action  of  diiodotyrosine  is  lost  when  the  amino  group  is 

blocked  by  benzoylation.515 
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Laquer  307  and  Abelin  7  also  suspect  the  existence  of  other  compounds. 
Lunde  and  Wiilfert  348  tried  to  detect  other  iodine  compounds 
(besides  diiodotyrosine)  in  the  gland  without  success.  It  seems 
likely  to  the  author,  on  the  basis  of  analogous  experiments  with 
iodized  proteins,  that  the  gland  may  contain  3,5-diiodothyronme, 
which  would  fall  in  the  “thyroxine-like”  fraction  of  Harington  and 
Randall.227  These  latter  authors  believe,  however,  that  within  the 
losses  of  present  isolation  methods,  which  are  admittedly  inefficient, 
thyroxine  and  diiodotyrosine  together  could  account  for  all  of 
the  organic  iodine  in  the  thyroid. 

Artificial  I odo proteins.  Lerman  and  Salter  have  recently  tested 
the  activity  of  artificially  iodinated  serum  proteins,  as  described  in 
Chapter  III.  Their  data  show  thirteen  successful  responses  in 
myxedema  and  cretinism  and  two  successful  responses  in  thyroidec- 
tomized  rabbits  produced  by  iodinated  serum  protein  and  its  acid- 
insoluble  degradation  products.  This  material  originated  from  the 
brief  treatment  of  blood  proteins  with  compound  solution  of  iodine. 
In  terms  of  total  mass,  the  activity  of  the  iodoprotein  was  about 
one-fifth  that  of  whole  thyroid;  in  terms  of  iodine,  the  activity  was 
about  one  four-hundredth.  On  the  other  hand,  the  acid-insoluble 
iodopeptone  was  about  half  as  active  as  whole  thyroid  in  terms  of 
total  mass,  but  only  one  two-hundredth  as  active  in  terms  of  iodine. 
This  discrepancy  in  activity  is  due  partly  to  the  presence  of  iodine 
in  inert  combination  in  the  iodoprotein  and  in  its  derivatives.  The 
low  potency  in  terms  of  iodine  is  probably  due  also  to  the  fact  that 
the  effective  iodine-containing  group  is  an  iodothyronine  derivative, 
which  has  lower  potency  than  thyroxine. 

Like  thyroglobulin,  this  material  can  be  fractionated  with  enzymes 
or  by  alkaline  hydrolysis  into  thyroxine-like  “T”  and  into  diiodoty- 
rosine-like  D  fractions.  The  latter  were  inert,  the  former  possessed 
all  the  activity  present  in  the  original  iodoprotein.  As  with  the 
enzymatic  split  products  of  thyroglobulin,  the  D  fraction  yielded  no 
thyroxine-like  amino-acid  after  drastic  treatment  with  hot  barium 
hydroxide  solution,  whereas  the  T  fraction  yielded,  under  such  treat¬ 
ment,  material  which  resembled  iodothyronine  derivatives  (related 
to  thyroxine).  The  latter  can  likewise  be  recovered  from  the  original 
iodoprotein  by  drastic  alkaline  hydrolysis  without  previous  separa- 
t.on  mto  component  peptones.  Such  a  procedure  is  the  standard 
method  for  obtaining  thyroxine  from  thyroglobulin.  The  activity  of 
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this  iodothyronine  material  is  of  the  order  of  crystalline  diiodothy- 
ronine,  and  is  roughly  one-thirtieth  to  one-fortieth  as  active  as 
thyroglobulin  in  terms  of  iodine.  It  corresponds  to  Abelin’s  “homo¬ 
thyroxine”  material. 

Recently,  at  the  Thorndike  Memorial  Laboratory,  Dr.  A.  H.  Coons 
has  tested  the  activity  of  iodinated  serum  albumin  in  human  athyreo- 
sis.  Such  a  preparation,  made  by  Dr.  Jytte  M.  Muus,  has  proved 
potent  in  myxedema  when  administered  by  mouth.  Furthermore,  it 
could  be  subdivided  into  T  and  D  fractions,  of  which  the  T  was 
active.  This  T  peptone  has  been  tested  further  by  Dr.  A.  E.  Meyer, 
through  whose  kindness  the  following  results  were  obtained.  When 
fed  to  rats  for  three  days  in  a  daily  dose  of  4.5  mg.  per  10  grams 
of  rat,  this  material  produced  a  30  per  cent  rise  in  metabolism, 
measured  on  the  fifth  day.  This  same  metabolic  increase  could  be 
reproduced  by  the  daily  administration  of  0.75  microgram  of 
commercial  crystalline  thyroxine  per  10  grams  of  animal,  or  300 
micrograms  of  U.  S.  P.  thyroid.  Such  therapy,  however,  would 
produce  heart  stimulation  of  60  to  70  beats  per  minute  or  over 
100  beats,  respectively.  Surprisingly  enough,  the  iodopeptone  in¬ 
creased  the  heart  rate  only  about  30  beats  per  minute.  For  com¬ 
parison,  it  should  be  noted  that  the  normal  heart  rate  of  the  male 
rat  at  one  hundred  days  of  age  is  about  300  to  325,  whereas  that  of 
the  thyroidectomized  rat  is  only  185  to  200. 

This  untoward  cardio-accelerating  effect  of  whole  thyroid  sug¬ 
gests  that  special  preparations  like  iodo-albumin  or  thyroid  peptone 
may  occasionally  be  preferred  for  therapy.  This  would  be  true 
especially  in  elderly  patients  or  those  with  incidental,  severe  heart 

disease. 

The  Natural  Hormone.  There  remain  two  puzzling  facts  with 
regard  to  thyroid  activity  which  involve  not  only  the  true  character 
of  the  natural  hormone  but  also  its  pharmacological  assay  and  dosage. 
The  first  fact,  pointed  out  by  Kendall,  is  that  certain  samples  of 
desiccated  thyroid  yield  no  crystalline  thyroxine  although  they  are 
highly  potent  physiologically.  The  second  fact  is  that  desiccated 
thyroid  or  fresh  thyroglobulin  may  produce  more  calorigemc  effect 

than  does  the  thyroxine  contained  therein.31’ 229 

In  view  of  these  facts,  both  Kendall  and  Harington  have  suggested 
that  thyroxine  itself  is  not  the  true  hormone  in  its  natural  form. 
Indeed,' Barger  29  suggested  that  the  thyroid  contained  a  more  active 
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substance  than  thyroxine,  i.e.,  a  compound  which  breaks  down 
during  isolation  or  is  converted  into  the  less  active  thyroxine.  Kendall 
and  Simonsen  also  speak  of  two  hormonal  forms:  (/)  thyroxine, 
as  we  know  it,  and  (2)  “active  thyroxine.’’  They  suppose  that  the 
latter  substance  is  the  physiologically  active  molecule  and  suggest 
that  it  may  be  a  hydroxy-thyroxine.244  Thus,  in  tissues,  com¬ 
pound  (/)  becomes  compound  (2)  as  the  first  stage  of  pharmaco¬ 
logical  metabolism.  (Cf.  findings  of  Davis  and  Hastings,  1936-) 
Harington  221  suggests  that  the  true  hormone  contains  both  thy¬ 
roxine  and  diiodotyrosine,  in  peptide  combination,  connected  by  a 
link  or  bridge  of  other  amino-acids.  Nevertheless,  neither  thyroxyl- 
diiodotyrosine  nor  diiodotyrosyl-thyroxine,  synthesized  in  Haring- 
ton’s  laboratory,  is  as  active  as  thyroxine  itself. 

Potency  of  Thyroid  Preparations.  The  discrepancy  between  the 
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Fir..  13.  Comparative  responses  in  the  oxygen  consumption  of  normal  guinea  pigs 
&  w!l I1  by  eqm''ale"t  d“es  of  a  standard  commercial  thyroid  preparation  (Burroughs 
S  ,  “H°m:  ff,0/  P“rc  '-thyroxine.  Th.  I  indicates  thyroxine-like  “T”  iodine- 

.  .  ndicates  total  iodine.  The  dosage  was  calculated  in  terms  of  “T”  iodine  and  the 
responses  are  identical.  e  dna  ine 

From:  G.  L.  Foster,  W.  W.  Palmer  and  J.  P.  Leland,  J.  Biol.  Chem.  n5:  47s.  I936. 
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calorigenic  activity  of  thyroxine  and  whole  thyroid  deserves  special 
comment,  not  only  because  it  is  important  pharmacologically  and 
clinically,  but  also  because  it  is  still  the  subject  of  dispute.541 
Foster,  Palmer,  and  Leland,1'9  working  with  normal  guinea  pigs, 
found  only  the  thyroxine  fraction  to  be  effective,  as  shown  in  Fig.  13. 
Likewise,  Thompson,  Thompson,  Taylor,  Nadler,  and  Dickie 545 
found  that  desiccated  thyroid  on  the  average  yielded  only  62  per  cent 
as  much  activity  as  intravenous  thyroxine.  They  obtained  variable 
results  with  different  samples  of  desiccated  thyroid. 

On  the  other  hand,  investigators  in  Boston  390> 318-  473-  384  have 
treated  several  scores  of  cases  of  human  myxedema  with  thyroglobu- 
lin  and  its  various  derivatives  and  find  that,  in  proportion  to  the 
“T”  iodine  content,  whole  thyroid  is  distinctly  more  active  in  these 
patients  than  pure  thyroxine,  as  shown  in  Fig.  14.  Similar  results 
have  been  reached  by  Freud  and  Laqueur,184  using  a  digestion  prod¬ 
uct  of  thyroglobulin,  “thyranon.”  More  recently,  Meyer  393  has  con¬ 
firmed  these  results  in  rats  and  studied  the  effect  of  thyroidectomy. 

Male  rats  were  thyroidectomized  at  about  80  days  of  age  and  allowed  to  pro¬ 
gress  into  hypothyroidism  for  six  or  eight  weeks.  Their  oxygen  consumption  was 
used  as  the  criterion  of  the  activity  of  thyroid  medication,  the  dose  of  which  was 
adjusted  to  produce  an  average  increase  of  30  per  cent  in  metabolic  rate.  The 
normal  rat  proved  to  be  too  variable  to  serve  as  a  reliable  test  object.  Moreover, 
thyroidectomized  animals  were  found  to  be  about  25  times  as  sensitive  to  a  given 
dose  of  thyroxine  as  the  normal  animal,  because  the  former  group  required  only 
0.75  gamma  of  thyroxine  to  produce  the  standard  rise  in  metabolism  of  30  per 
cent.  The  data  lead  to  the  following  conclusions. 

The  thyroxine  content  of  a  given  thyroid  preparation  does  not  permit  a  definite 
conclusion  as  to  its  calorigenic  action.  The  iodine  content  seems  to  be  a  better 
guide,  provided  the  substance  has  not  been  treated  chemically,  especially  if  it 
has  not  been  subjected  to  hydrolysis. 

There  is  a  species  difference  in  the  absorption  of  thyroxine  through  the  intestinal 
canal  of  the  human  individual  and  the  rat,  respectively:  within  the  experimental 
error,  dissolved  thyroxine  is  completely  absorbed  by  the  intestine  of  the  rat. 

Isodynamic  doses  of  various  derivatives  and  preparations  of  thyroid  have 
different  but  characteristic  effects  on  the  pulse  rate  of  the  thyroidectomized  rat, 
ranging  from  a  very  slight  increase  (30  beats)  to  an  increase  of  175  beats  per 
minute  above  the  initial  value  of  180  to  soo.313. 


From  his  results  it  appears  that  the  response  at  higher  levels  of 
metabolism  is  minimal  and  therefore  unfavorable  to  fine  discrimina¬ 
tion  of  effectiveness.  Thompson’s  data  in  man  are  similar. 

These  various  results  indicate  that  natural  combinations  of  thy¬ 
roxine  in  peptide  chains  are  more  potent  than  their  inherent  thyroxine 


thyroid  ACTIVITY  1 1 ' 

would  be  alone.  Salter  and  Pearson  474  demonstrated  this  fact  by 
breaking  thyroglobulin  down  with  pepsin  and  then  resynthesizing 
a  part  with  pepsin  to  form  an  artificial  protein  or  “plastein.”  The 


Fig.  14.  The  upper  three  curves  are  the  calorigenic  responses  in  three  patients  with 
spontaneous  myxedema  who  received  daily  oral  doses  of  thyroid  gland  containing  040 
mg.  of  thyroxine  iodine  and  2.2  mg.  of  total  organic  iodine.  The  lowest  curve  given 

n°rralTPariS°n;  -S  comP°site  of  five  assays  of  thyroxine  polypeptide  given  in  daily 
oral  doses  containing  0.49  mg.  of  iodine.  The  small  arrows  on  the  upper  three  curves 
indicate  cessation  of  medication.  curves 


From:  J.  H.  Means,  J .  Lerman  and  W.  T.  Salter,  J.  Clin.  Investigation,  re:  685.  1933. 
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activity  of  the  peptone  (containing  iodine  chiefly  in  diiodotyrosine 
form)  was  increased  sevenfold  by  the  reverse  synthesis.470  Ken¬ 
dall  has  suggested  that  the  presence  of  the  peptide  chain  prevents 
thyroxine  from  escaping  (to  the  extent  of  75  per  cent)  from  the 
body,  and  thus  increases  its  effectiveness.  This  explanation  would 
relieve  one  of  the  embarrassments  of  explaining  activity  in  diiodoty¬ 
rosine.  Clutton,  Harington,  and  Yuill  have  prepared  a  synthetic 
combination  of  protein  with  thyroxine,89  but  its  activity  has' not  yet 
been  assayed. 

Thyroid  Iodine  Stores  in  Disturbances  of  Thyroid  Function 

Obviously,  the  amount  of  iodine  in  the  gland  at  any  moment  re¬ 
flects  the  balance  of  intake  over  output.  In  disturbances  of  thyroid 
function  the  balance  may  be  altered,  and,  secondarily,  qualitative 
changes  may  occur  in  the  nature  of  the  stored  colloid.  These  dis¬ 
turbances  are  usually  comprehensible  in  terms  of  simple  physiologi¬ 
cal  mechanisms  and  may  be  summarized  as  follows. 

Hypothyroidism.  Diminished  secretion  of  hormone  from  the 
thyroid  gland  may  occur  (a)  because  of  a  disturbance  primary  in  the 
gland  itself,  or  ( b )  because  of  diminished  stimulation  of  the  hypoph¬ 
ysis  through  the  thyrotropic  hormone.386  In  the  latter  case,  a  normal 
amount  of  iodine  remains  in  a  shrunken  gland.256  Hence  the  average 
concentration  rises  50  per  cent  (e.g.,  from  68  mg.  per  cent  to  99  mg. 
per  cent).  Histologically,  large  masses  of  iodine-rich  colloid  remain 
surrounded  by  atrophic  parenchyma. 

Human  myxedema  usually  implies  nearly  complete  loss  of  thyroid 
tissue.285  In  cretinism,  the  gland  persists  but  contains  one-tenth 
of  the  normal  amount  of  iodine.465  Abelin  and  Finkelstein  8  studied 
the  partition  of  the  iodine  in  one  such  gland  and  found  57  per  cent 
“thyroxine-like”  iodine,  as  against  25  per  cent  for  the  normal. 

Hyperthyroidism.  In  clinical  thyrotoxicosis  the  iodine  in  the 
thyroid  varies  with  several  circumstances.  Nevertheless,  in  un¬ 
treated,  moderately  severe  Graves’  disease, s2  the  iodine  usually  is 
low,  due  to  depletion  of  colloid  reserves,  because  clinical  hyperthy¬ 
roidism  is  based  upon  a  hyperrrhea  "°  of  thyroid  protein  or  its 
constituents.  Indeed,  in  Graves’  disease  the  concentration  may  be  only 
about  1.2  mg.  per  gram  of  fresh  tissue  and  the  total  thyroidal  iodine 
about  5.8  mg.,  as  against  a  minimum  concentration  in  normal  glands 
of  3.7  mg.  per  gram.  By  contrast,  in  mildly  ‘'toxic  nodular  goiter 
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the  concentration  may  be  increased  to  19  mg.  per  gram  of  whole 
gland.287  Unless  iodine  has  been  given,  there  is  practically  no  in- 

organic  iodine  in  the  hyperactive  gland. 

The  distribution  of  total  iodine  between  cells  and  colloid  is  the 
same  as  in  normal  glands.557  Because  of  the  general  use  of  iodine 
therapy  preoperatively,  recent  observations  are  not  available  on  the 
thyroxine-like  fraction  in  marked  hyperthyroidism.  Wilson  and 
Kendall  577  found  that  the  thyroxine-like  fraction  tends  to  be  less 
than  the  normal  value  for  this  fraction.  Indeed,  the  relative  amount 
is  rarely  over  16  per  cent  of  the  whole  iodine,  and  in  very  severe 
hyperthyroidism  it  may  all  but  disappear. b1, 178  Biological  assays  of 
the  excised  gland  likewise  indicate  a  low  ratio  of  thyroxine  iodine  to 
total  iodine.301’ 425  Chemical  analyses  show  that  the  protein-bound 
iodine  (i.e.,  the  iodine  in  the  form  of  colloid)  is  low,  as  one  might 
expect  from  the  histological  picture.347  Consequently,  the  diiodoty- 
rosine  fraction  also  drops.  Wilson  and  Kendall’s  figures  show, 
however,  that  the  gland  loses  relatively  less  diiodotyrosine  than 
thyroxine.  This  fact  becomes  comprehensible  if  one  accepts  the 
not  improbable  assumption  that  the  hyperactive  gland  continues 
to  make  new  hormone  during  hyperthyroidism,  and  it  is  able  more 
easily  to  make  diiodotyrosine  than  it  is  to  complete  the  synthesis 
of  thyroxine.  Accordingly,  relatively  more  of  the  former  fraction 
persists.  This  view  seems  even  more  likely  in  view  of  analyses  of 
the  gland  after  injections  of  thyrotropic  hormone  into  normal 
animals.201  Under  these  circumstances  the  thyroxine: diiodotyrosine 
ratio  remains  normal  despite  considerable  loss  of  colloid  and  of  total 
iodine.  In  short,  apparently  both  of  the  organic  iodine  fractions 
were  lost  together  in  this  sort  of  temporary,  artificial  hyper¬ 
thyroidism. 

.  Wilson  and  Kendall  577  made  parallel  studies  of  the  histological 
picture  of  the  gland  and  its  iodine  content  during  exacerbations  and 
remissions  of  the  “primary”  disease.  In  the  active,  hyperplastic 
stage  the  total  iodine  may  drop  as  low  as  0.03  per  cent  of  dried  tissue. 
In  marked  regressions  it  may  return  to  0.19  per  cent,  and  simultane¬ 
ously  the  thyroxine-like  fraction  may  rise  from  about  10  per  cent 
to  35  per  cent  of  the  total  iodine. 

.  Iodine  Therapy  and  the  Hyperactive  Thyroid.  The  populariza¬ 
tion  of  iodine  therapy  in  exophthalmic  goiter  by  Plummer  411  initiated 
a  long  series  of  speculations  as  to  the  mechanism  of  the  striking 
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temporary  relief  so  afforded  in  most  cases.  In  brief,  the  best  ex¬ 
planation  of  the  phenomenon  at  present  is  (the  author  believes)  that 
the  gland  is  made  to  secrete  internally  into  its  follicles  rather  than 
externally  into  the  blood  stream.4'0  Thus  iodide  in  excess  may  be 
said  to  reverse  the  direction  of  flow  of  hormone  temporarily.  (One 
is  reminded  of  the  reversing  falls  in  the  Bay  of  Fundy.)  The 
salient  facts  upon  which  this  statement  rests  are  as  follows. 

1.  Means  388  has  shown  that  soon  after  iodide  therapy  begins, 
the  basal  metabolism  drops  sharply  in  inverse  logarithmic  fashion. 
The  falling  curve  mimics  that  to  be  expected  from  thyroidectomy  at 
a  high  level  of  basal  metabolism,  and  can  be  extrapolated  from  the 
classical  decay  curve  for  approaching  myxedema  or  cretinism,  or 
after  cessation  of  thyroid  therapy  in  patients  with  myxedema  350, 56 
(see  Fig.  12).  Means  speaks  of  a  state  of  thyroid  block  existing 
at  this  stage  and  thinks  that  iodide  in  excess  always  produces  a 
resistance  to  exit  of  hormone  from  the  gland.  Indeed,  the  metabo¬ 
lism  may  drop  to  substandard,  and  possibly  subnormal  levels.426, 383 

2.  The  hormone  in  the  circulating  blood  apparently  falls.  The 
evidence  for  this  statement  is  reviewed  in  a  previous  section. 

3.  The  total  iodine  in  the  thyroid  increases.349  Were  this  increase 
all  due  to  inorganic  iodide,  the  fact  would  not  be  remarkable,  but 
the  organically  bound  iodine  increases  steadily  with  time.210  In  the 
earlier  days  of  therapy,  most  of  the  bound  iodine  is  in  the  diiodoty- 
rosine  fraction,  and  the  thyroxine-like  fraction  comprises  less  than 
18  per  cent  of  the  organic  iodine.  The  conversion,  or  synthesis,  into 
thyroxine-like  material  steadily  speeds  up,  however,  until  after  10 
days  or  a  fortnight  it  catches  up  to  its  normal  moiety,  i.e.,  over 
26  per  cent  of  the  organic.  Thereafter,  normal  colloid  seems  to  be 
laid  down  steadily  unless  further  progress  of  the  disease  withdraws 
excessive  amounts  of  hormone  in  the  so-called  escape  phenomenon. 
This  phenomenon  has  been  discussed  in  detail  by  Means,38'  whose 
views  are  as  follows:  “In  modern  writings  upon  the  action  of  iodine 
in  Graves’  disease  one  finds  such  terms  as  ‘escape  from  iodine 
control’  and  ‘refractoriness  to  iodine.’  The  former  is  clear  enough 
and  a  good  descriptive  label  for  what  happens  when  the  administra¬ 
tion  of  iodine  is  stopped  in  the  thyrotoxic  person  who  has  previously 
been  receiving  it.  Ordinarily  a  rather  abrupt  intensification  of  thy¬ 
rotoxic  manifestations  takes  place.  Iodine  apparently  exerts  its 
action  in  Graves’  disease  by  imposing  a  resistance  of  some  sort  to 
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the  delivery  of  thyroid  hormone  from  gland  to  body.  When  the 
administration  of  iodine  ceases,  this  resistance  is  removed  and 
thyrotoxicosis  is  increased.  Refractoriness  to  iodine  would  imply 
that  although  administration  of  the  substance  is  continued,  its 
ability  to  alter  thyroid  physiology  becomes  lost.  That  is  to  say  that 
the  patient  becomes  worse  in  spite  of  continued  administration  of 
iodine.  It  is  certainly  true  that  patients  occasionally  become  more 
thyrotoxic  while  receiving  iodine.  It  has  been  my  experience  that, 
even  so,  they  still  exhibit  what  has  been  described  as  escape  when 
iodine  is  stopped.  Their  thyrotoxicosis  is  augmented  at  a  still  more 
rapid  rate.  Therefore,  I  feel  that  there  is  no  refractoriness  to  iodine 
in  an  absolute  sense,  but  I  will  concede  that  there  may  be  in  a 
relative  sense.” 

In  brief,  then,  iodine  therapy  in  full-blown  classical  exophthalmic 
goiter  converts  the  iodine-poor,  colloid-poor  goiter  into  one  which 
is  rich  in  iodine  and  distended  with  new-formed  colloid.  Salter  and 
Lerman  470  have  imitated  this  laying  down  of  new  thyroid  protein 
in  vitro,  but  it  still  remains  puzzling  how  iodide  (in  excess)  is  able 
to  reverse  the  flow  of  hormone.  Our  ignorance  is  due  in  part  to  lack 
of  precise  knowledge  of  how  the  intrafollicular  colloid  normally 
escapes  into  the  circulation.  One  might  suppose  that  reversal  of 
the  polarity  of  the  follicular  cells  505  is  involved,  but  recently  the 
existence  of  this  phenomenon  has  been  questioned.386  At  any  rate, 
the  beneficial  effect  of  iodine  seems  to  depend  to  a  large  measure 
upon  the  gland’s  being  empty.  Holst 251  compares  the  process  to  the 
filling  of  a  bucket;  when  the  bucket  is  full  the  hormone  overflows 
and  the  so-called  “iodine-escape”  phenomenon  ensues,  clinically. 
This  picture  is  not  incompatible  with  Means’s  388  view  that,  even  so, 
iodine  therapy  always  impedes  the  outflow  of  hormone  in  some 
measure.  After  prolonged  treatment  with  iodide,  the  gland  may 
contain  much  more  total  organic  iodide  and  even  more  thyroxine¬ 
like  iodine  than  normal  glands.  Histologically,  the  follicles  are  dis¬ 
tended  with  new-formed  protein.  Even  transplants  show  this.570 

W.  0.  Thompson  540-543  and  his  collaborators  have  found  that  a 
maximal  therapeutic  effect  requires  a  minimal  daily  dose  of  from 
6  mg.  of  iodine  (in  Boston)  to  12  mg.  (in  Chicago).  Obviously  this 
dosage  is  fifty  times  the  amount  needed  to  maintain  iodine  balance 
Often  clinicians  routinely  use  doses  many  times  this  excessive 
amount,  but  such  large  doses  are  unnecessary. 
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When  diiodotyrosine  is  administered,  precisely  the  same  result  is 
achieved,  in  ameliorating  clinical  Graves’  disease  294  and  in  in¬ 
creasing  thyroidal  organic  iodine.  Although  on  theoretical  grounds  222 
diiodotyrosine  would  be  the  more  logical  drug  to  use,  in  actual 
practice  it  offers  no  advantage  over  potassium  iodide.176  As  with 
iodide  therapy,  only  a  small  fraction  of  the  diiodotyrosine  is  trapped 
by  the  thyroid,  and  if  large  doses  be  given  much  is  excreted.211 
Whether  inorganic  iodide  accumulates  in  the  gland  temporarily  (as 
after  iodide  therapy)  is  not  known  definitely,  but  Gutman,  Sloan, 
Gutman,  and  Palmer  211  recovered  from  such  glands  less  iodide  than 
in  the  ultrafiltrate  from  normal  glands. 

Other  Effects  of  Iodine.  It  seems  clear  that  iodide  does  not 
markedly  neutralize  the  effect  of  exogenous  thyroid  in  normal 
animals,  because  Segall  503  induced  marked  elevation  of  his  own 
basal  metabolism  despite  simultaneous  iodide  therapy,  which  had 
no  effect  on  the  metabolic  level.  This  result  has  been  confirmed  by 
others  in  man  77  and  in  rabbits.524  These  observations  also  cast 
serious  doubt  upon  a  possible  dampening  by  iodine  of  the  respon¬ 
siveness  of  peripheral  tissues  to  the  hormone.*  There  seems  to  be 
no  question,  however,  that  iodide  can  neutralize  the  effect  of  injected 
thyrotropic  hormone.  Indeed,  Loeser  and  Thompson  339  insist  that 
part  of  successful  iodide  therapy  consists  in  suppressing  the  anterior 
pituitary  secretion.  Thus,  in  certain  cases  of  clinical  acromegaly  the 
drug  conceivably  may  both  depress  pituitary  secretion  and  “block” 
the  thyroid  itself.  Likewise,  in  experimental  hyperthyroidism  in¬ 
duced  with  thyrotropic  hormone  the  administration  of  thyroxine 
inhibits  the  loss  of  thyroidal  iodine.332  Possibly  whole  thyroid  sub¬ 
stance  has  a  similar  effect  in  human  hyperthyroidism,457  though  it 
may  well  be  questioned  how  efficacious  this  might  be  as  a  general 
method  of  treatment. 

“Jodbasedow”  Effect.  Although  Means  and  Lerman  388  doubt 
the  existence  of  Jodbasedow,  i.e.,  hyperthyroidism  in  human  in¬ 
dividuals  induced  by  iodine  therapy,  on  the  other  hand  many 
European  clinicians,  like  Kocher,289  fear  to  use  iodine  injudiciously. 
Furthermore,  Webster,  Marine,  and  Cipra  568  working  with  the 
cabbage  goiter  of  rabbits,  found  that  a  temporary  state  of  hyper¬ 
thyroidism  might  be  induced  by  large  doses  of  iodine.  Perhaps 

*  Siebert  and  Linton,508  working  with  thyroidectomized  guinea  pigs,  found  that  the 
response  to  thyroid  was  less  in  animals  receiving  iodide. 
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these  views  may  be  reconciled  by  the  thought  that  a  barely  per¬ 
ceptible  hyperthyroid  trend  in  a  time  of  iodine  lack  may  become 
marked  if  iodide  is  supplied  for  conversion  into  large  amounts  of 
hormone.  The  problem  is  complicated,  of  course,  by  the  cyclic 
nature  of  clinical  hyperthyroidism  and  by  the  probability  that  the 
most  dramatic  effects  of  iodide  therapy  are  seen  when  the  gland  is 
empty  of  thyroglobulin. 

Simple  Goiter.  Most  authors  have  found  the  iodine  concentra¬ 
tion  to  be  subnormal  in  simple  goiter,  but  the  great  variety  of 
analytical  results  obtained  in  glands  from  euthyroid  individuals 
suggests  that  more  than  one  disease  entity  is  involved.  Since  the 
total  iodine  content  of  these  goiters  tends  to  be  normal,  one  would 
expect  to  find  a  subnormal  average  concentration,  due  to  the  in¬ 
creased  mass.  This  is  actually  the  case  for,  on  the  average,  fresh 
goiter  contains  7.4  mg.  per  cent  iodine  as  against  13  mg.  per  cent 
in  normal  thyroid.139,  p- 403  (In  dry  tissue  these  figures  become  44  and 
64  mg.  per  cent,  respectively.)  There  is  a  wide  variation,  however, 
namely  from  8  to  376  mg.  per  cent  in  goitrous  tissue  and  from  57  to 
431  mg.  per  cent  in  normal  tissue  (dried).210  Several  factors  con¬ 
tribute  to  this  scatter.  For  example,  it  is  not  always  easy  to  exclude 
therapeutic  iodide  intake  or  similar  abnormal  supply  (e.g.,  painting 
of  skin).  Furthermore,  the  extremes  tend  to  be  colloid-poor  and 
colloid-rich  glands,  and  the  iodine  content  in  the  colloid  itself  may 
vary.  Many  authors  assume  that  the  lower  iodine  concentration 
reflects  a  lower  prevailing  iodine  supply,  which  induces  hyperplasia 
of  the  tissue.304, 4,J°  Some  other  factor,  possibly  the  degree  of  relative 
iodine  lack,  must  intervene  because  Straub  and  Papp  522  found  the 
same  general  concentration  (15  to  16  gamma  per  cent)  in 
normal  thyroids,  both  from  goitrous  and  non-goitrous  regions. 
Elmer  139,p- 465  has  suggested  that  two  stages  occur  in  the  natural 
history  of  simple  goiter.  Because  many  patients  fail  to  eliminate 
injected  iodide  normally  in  the  urine,  he  believes  that  such  cases 
represent  hypertrophic  glands  with  an  increased  capacity  for  trapping 
iodide.  He  believes  that  there  is  a  second,  later  phase  in  the  course 

of  the  disease  in  which  the  follicular  cells  become  atrophic  or 
degenerate. 

In  this  latter  type  of  gland  the  thyroglobulin  is  low  in  iodine 

nea-Iy  T°f  thyroxine  and  inert  when  fed  to  myxedematous  or¬ 

ganisms.  In  fact,  the  large  follicular  cysts  are  filled  with  useless 
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colloid.  In  general,  however,  goiters  which  have  not  been  too  long 
neglected  show  a  widely  variable  content,  averaging  close  to  the 
normal.  Thus  in  a  district  showing  a  prevailing  incidence  of  15 
per  cent  of  goiter,  the  total  iodine  in  the  goitrous  glands  ranged 
from  2.3  to  6.0  mg.,  as  against  the  average  value  of  5  mg.139-?-462  for 
normal  glands. 

In  simple  goiter  there  tends  to  be  a  rather  low  “thyroxine-like” 
iodine  fraction,  e.g.,  an  average  value  of  14  per  cent  of  the  total.136 
In  half  of  Abelin  and  Finkelstein’s 8  cases  in  Bern,  the  average 
was  only  10  per  cent.  Similarly,  in  euthyroid,  nodular  goiters 
collected  in  New  York 210  and  Minnesota,81  the  analyses  range 
from  4  to  28  per  cent.  These  values  for  apparent  thyroxine  resemble 
those  found  in  hyperthyroidism,  but  in  the  euthyroid  case  they 
cannot  mean  excessive  loss  of  thyroxine.  They  suggest  rather  that 
in  simple  goiter  thyroxine  is  not  readily  formed.  Perhaps  the  simple 
goiter  may  be  regarded  as  being  in  a  “virtual”  hyperthyroid  state, 
struggling  to  maintain  normal  metabolism  on  a  deficient  iodine  intake. 

It  has  been  suggested  that  tyrosine  deficiency  also  may  be  in¬ 
volved.250  Nevertheless,  Cavett 80  found  the  highest  tyrosine  content 
in  glands  containing  the  least  “thyroxine-like”  iodine. 


CHAPTER  VI 


ENDOCRINE  BALANCE 

When  the  thyroid  is  removed  the  high  iodine  content  of  the  pituitary, 
as  that  of  the  ovaries  and  adrenals,  drops  to  the  level  of  other 
tissues  (Sturm  and  Buchholz).529  This  observation  suggests  that  in 
myxedema  other  endocrine  organs  besides  the  thyroid  may  be 
“sick”  and  underfunctioning.  Because  of  the  close  relationship 
between  the  anterior  pituitary  and  the  thyroid,  mediated  through 
the  thyrotropic  hormone,  this  finding  merits  special  attention. 
Further  evidence  of  this  interrelationship  has  been  summarized  by 
Elmer  139  in  the  following  items:  (a)  the  influence  of  the  thyrotropic 
hormone  on  the  histological  aspect  of  the  thyroid,  its  clinical  picture, 
and  the  iodine  level  in  the  thyroid  and  in  blood;  ( b )  the  action  of 
iodine  on  the  thyroid  through  the  anterior  lobe;  (c)  the  effect  of 
hypophysectomy  on  the  iodine  content  of  the  thyroid,  blood  and 
urine;  302  ( d )  the  influence  of  hypophysectomy  on  the  iodine  con¬ 
tent  of  the  tuber  cinereum  in  the  diencephalon. 


The  Thyrotropic  Hormone 


Nearly  a  century  ago  Niepce  410  noted  that  the  pituitary  in  a 
goitrous  cretin  might  attain  a  weight  four  times  the  normal.  The 
significance  of  this  hypertrophy  became  clearer  65  years  later  when 
Allen13  and  Smith 514  showed  that  the  thyroid  became  involuted 
after  the  pituitary  was  removed.  This  involution  could  be  reversed 
by  implantation  of  tissue  from  the  anterior  pituitary  or  by  injection 
of  crude  extracts  of  that  gland.  In  rats,  moreover,  Foster  and 
Smith  found  that  the  basal  metabolic  rate  decreased  by  one-third 
when  the  hypophysis  was  removed,  but  could  be  restored  by  injec¬ 
tions  of  the  pituitary  hormone. 


From  these  simple  beginnings  has  come  the  long  series  of  re¬ 
searches  by  the  associates  of  Leo  Loeb,332  of  Aron  18  and  of  Loeser  338 
which  have  brought  out  the  several  features  of  thyrotropic  activity, 
t  is  still  debatable  whether  there  is  a  natural  hormone  which  has 
purely  thyrotropic  action.  Perhaps  this  action  is  due  simply  to  a 
single  chemical  grouping,  one  of  several  different,  specific  pros- 
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thetic  groups  borne  collectively  by  a  single  protein  molecule  of 
pituitary  origin.08  *  Most  of  the  available  evidence  indicates  that 
thyrotropic  effects  originate  mainly  and  directly  from  the  pars 
anterior,  although  Sturm  and  Schoning  531  have  shown  beyond  doubt 
that  an  apparent  thyrotropic  action  can  be  elicited  by  injecting  ex¬ 
tracts  of  the  ovaries  and  adrenals.  Indeed,  Jensen  produced  thyroid 
hypertrophy  with  a  purified  luteinizing  hormone  preparation. 
Furthermore,  Collip  !,s  has  simplified  the  preparation  of  extracts 
showing  specific  thyrotropic  activity  by  destroying  preferentially 
such  unwanted  effects  as  gonadotropic  activity. 

Effect  of  Hypophysectomy.  When  the  pituitary  is  removed  the 
thyroid  becomes  smaller,  but  the  iodine  concentration  increases. 
Houssay,  Mazzocco,  and  Biasotti  236  explained  these  findings  on 
the  supposition  that  the  colloid  deposits  remain,  while  the  cellular 
elements  atrophy.  For  two  weeks  after  hypophysectomy  the  blood 
iodine  rises  from  17  gamma  per  cent  to  52  gamma  per  cent,  and 
drops  slowly  to  12  gamma  per  cent  in  the  course  of  two  months.f 
Simultaneously  the  basal  metabolism  falls  to  80  per  cent  of  normal, 
but  the  organism  stops  short  of  clinical  myxedema.  Sturm  528  has 
suggested  that  the  transitory  hyperiodemia  might  be  due  to  stagna¬ 
tion  in  the  venous  circulation  of  the  pituitary.  At  any  rate,  the  final 
hypoiodemia  is  clearly,  due  to  depressed  thyroid  secretion.  During 
the  temporary  hyperiodemia  there  is  an  increased  urinary  elimina¬ 
tion  of  iodine  up  to  100  micrograms  in  24  hours;  that  is,  reaching 
some  three  times  the  normal  daily  amount.  Later  the  iodine  elimina¬ 
tion  becomes  normal,  with  wide  fluctuations  due  to  diet. 

Physiological  Effects  of  Thyrotropic  Hormone.  Under  the  in¬ 
fluence  of  the  tropic  hormone,  reverse  changes  occur.  If  daily 
injections  of  a  partially  purified  hypophysial  extract  are  made 
intraperitoneally  into  mammals,  definite  enlargement  of  the 
thyroid  follicular  cells  occurs  and  they  continue  to  increase 
for  several  days.  In  larger  doses  this  hypertrophy  gives  way  to 
hyperplasia,  associated  with  pyknosis  of  nuclei  and  with  mitotic 
division  of  the  follicular  cells.  Meantime  the  margin  of  the  colloid 

*  Recent  fractionation  of  the  pituitary  proteins  in  the  laboratory  of  Professor 
E.  J.  Cohn,  however,  indicates  that  the  several  known  tropic  hormones  appear 
separately  in  distinctive  chemical  fractions.  (Endocrinology  26.  999-  i94°-) 

t  These  concentrations  are  significant  only  in  relation  to  each  other.  See  footnote 

on  page  71. 


Fig.  15.  Effect  of  extract  of  anterior  pituitary  on  the  rabbit’s  thyroid.  At  left, 
the  thyroid  of  an  untreated  animal;  in  the  center,  the  initial  hyperplasia  (resembling 
human  exophthalmic  goiter)  induced  by  anterior  pituitary;  at  the  right,  the  ultimate 
involution,  resembling  human  colloid  goiter,  as  described  by  Marine. 

From:  S.  Hertz  and  A.  Kranes,  Endocrinology,  18:  416-418.  1934. 
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deposit  becomes  scalloped  and,  in  stained  histological  sections, 
becomes  less  eosinophilic.  The  colloid  gradually  disappears  as  t  e 
follicular  membrane  becomes  more  and  more  hyperplastic  and 
implicated,  until  eventually  the  gland  bears  a  close  resemblance 
to  the  hyperactive  but  depleted  gland  of  human  Graves  disease,  as 
shown  in  Fig.  15.  Under  these  circumstances,  despite  the  loss  of 
colloid,  the  gland  increases  in  size  and  weight  for  a  fortnight,  due 
to  increased  vascularity  and  to  increased  mass  of  the  parenchyma, 
which  at  this  stage  is  found  to  be  greatly  enlarged  with  voluminous 
papillary  infoldings.  Under  uniform  conditions,  these  effects  are  so 
consistent  and  characteristic  that  they  may  be  used  for  bio-assay  of 
the  amount  of  tropic  hormone  administered  (cf.  Appendix,  p.  286). 
Moreover,  Loeser,338  and  later  Elmer,145  showed  that  if  increasing 
doses  of  the  extract  were  used  continuously,  the  effect  continued 
until  at  length  the  animal  succumbed  to  the  classical  sequelae  of 
chronic  thyrotoxicosis. 

As  these  striking  morphological  changes  occur  in  the  thyroid 
under  the  influence  of  its  specific  tropic  hormone,  concomitant 
chemical  changes  take  place  which  indicate  profound  alterations  in 
metabolism  of  the  gland.15,76  For  example,  Logan,  VanderLaan, 
and  VanderLaan  341  found  that  within  twenty-four  hours  after  the 
administration  of  thyrotropic  hormone  to  guinea  pigs,  the  water 
and  chloride  content  of  the  cells  increased,  the  colloid  space  of  the 
gland  decreased  50  per  cent,  and  the  oxygen  consumption,  per  gram 
of  tissue,  increased  60  per  cent.  Continued  administration  for  six 
days  caused  the  gland  to  increase  to  three  times  its  original  size. 
The  metabolism  per  gram  of  tissue  and  the  chemical  composition, 
however,  tended  to  approach  the  resting  values. 

Meantime  the  “basal”  metabolic  rate,  as  closely  as  it  can  be 
measured,  may  rise  to  more  than  double  its  normal  value,  as  shown 
in  Table  27.  The  animal  shows  increased  activity  and  excitability, 
with  tachycardia  and  even  cardiac  arrhythmia.  Marked  loss  of 
weight  ensues  despite  an  increased  appetite  at  the  outset.  It  is 
highly  significant,  too,  that  in  certain  species,  notably  birds  and 

fowl,  fish  and  guinea  pigs,  the  animal  becomes  obviously  exophthal¬ 
mic  during  treatment. 

It  must  be  remembered,  however,  that  when  preparations  other 
than  extracts  of  the  anterior  pituitary  are  injected  into  normal 
animals,  increased  thyroid  activity  may  occur.  For  example,  Sturm 
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and  Schoning  ':n  found  that  extracts  of  ovaries  and  adrenals  cause 
a  strong  thyrotropic  action.  A  similar  effect  has  been  demon¬ 
strated 400  with  crystalline  sex  hormones;  this  is  possibly  an  indirect 
action  involving  the  anterior  pituitary.  Schockaert  and  Foster  500 
found  little  effect  with  gonadotropic  hormone,  a  clear  effect  with 
growth  hormone  and  a  marked  effect  with  thyrotropic  hormone. 
These  observations  should  be  repeated  with  highly  purified  hormones, 


TABLE  27 

Effect  of  Large  and  Small  Doses  of  Sodium  Iodide  on  the  Thyrotropic 
Activity  of  an  Alkaline  Extract  of  the  Anterior  Lobe 
of  the  Hypophysis  * 


Percentage  of  Animals  Showing 
Increase  in  Basal  Metabolic  Rate 


First 
through 
fifth  day, 

Experimental  conditions  over  +15 

Sixth 
through 
tenth  day, 
over  +25 

Over  +30 

Eleventh  through 
fifteenth  day 

Over +10  Under +10 

per  cent 

per  cent 

per  cent 

per  cent 

per  cent 

Controls  which  received  only  in¬ 
jections  of  2  cc.  of  anterior  lobe 
pituitary  extract . 

92.O 

70.0 

25.0 

75-0 

25-0 

Guinea  pigs  which  received  injec¬ 
tions  of  the  extract  plus  from  0.1 
to  0.2  Gm.  of  sodium  iodide  per 
kilogram  of  body  weight  . 

23-5 

II.7 

0 

53-8 

46.2 

Guinea  pigs  which  received  injec¬ 
tions  of  the  extract  plus  from 
o.oooi  to  0.002  Gm.  of  sodium 
iodide  per  kilogram  of  body 

weight  .  72.2  61. 1  38.4  84.6  13.4 

*  In  addition  to  the  more  obvious  differences  in  response  elicited  by  large  and  small  doses  of 
sodium  iodide,  note  particularly  the  unfavorable  influence  which  the  smallest  doses  of  sodium  iodide 
exerted  on  the  course  of  hyperthyroidism  induced  by  an  extract  of  the  anterior  lobe  of  the  pituitary 
from  the  eleventh  to  the  fifteenth  day  of  the  experimental  period. 

From:  H.  B.  Friedgood,  Arch.  Int.  Med.  56:  840.  1935. 


because  later  experiments  indicate  little  thyroid  effect  with  growth 
hormone.162 

At  any  rate,  the  effect  of  thyrotropic  hormone  is  highly  specific 
and  definitive.  The  histological  changes  in  animals  described  by 
Loeb  332  and  by  Aron  18  are  easily  reproduced.  Furthermore,  Schit- 
tenhelm  and  Eisler  490  have  produced  hyperthyroidism  in  man  in  four 
days  by  the  daily  injection  of  1,000  (Schoeller’s)  units  of  thyrotropic 
hormone,  and  this  finding  was  confirmed  by  Thompson.5 

During  this  physiological  response,  the  thyroid’s  stores  of  iodine 
are  depleted,500- 339  particularly  the  thyroxine-like  fraction.  Closs, 
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Loeb  and  McKay  88  found  that  the  total  iodine  decreased  by  45 
to  79  per  cent  in  guinea  pigs  treated  for  six  days  Simultaneously  the 
animals’  blood  iodine  level  increases.  Schittenhelm  and  Eisler 
verified  this  in  man:  they  found  a  rise  from  12  to  31  gamma  per 
cent.  This  peak  was  not  maintained,  however.  Zunz  and  LaBarre 
found  that  the  high  iodine  was  largely  organically  bound,  presumably 
in  the  form  of  thyroid  hormone. 

Parenthetically  it  should  be  added,  although  we  are  not  greatly 
concerned  with  the  fact  here,  that  with  small  dosage  of  the  extract 
the  animal  may  become  “refractory”  in  that  it  no  longer  responds 
to  the  medication.  Indeed  the  thyroid  may  involute  as  injections 
are  continued,  and  the  basal  metabolic  rate  may  fall  as  much  as  20 
per  cent  below  normal.  This  phenomenon  has  incited  a  great  deal 
of  work  on  the  subject  of  antihormones,  recently  summarized  by 
Collip."  The  problem  has  been  studied  by  Werner  573  and  others, 
who  have  described  the  development  of  antibodies  to  the  protein 
moiety  of  the  tropic  hormone.  It  is  clear,  however,  that  permanently 
hyperthyroid  states  may  be  produced  by  the  continued  administra¬ 
tion  of  large  doses,338, 145  a  procedure  which  obviates  the  depression 
formerly  observed  after  two  weeks  of  repeated  injections.  We  shall 
avoid  the  question  of  an  antihormone,  raised  by  Collip  and  Ander¬ 
son.97  Various  laboratories  have  lined  up  on  the  side  of  “antibodies” 
as  against  “antihormones,”  or  vice  versa.  Because  it  is  not  yet  clear 
that  this  interesting  phenomenon  has  any  direct  bearing  on  natural 
processes,  it  will  not  be  discussed  further  at  this  time.  Antithyroid 
and  antithyrotropic  substances  have  already  been  described  on 
page  93. 

Many  of  the  components  of  this  complex  physiological  response 
can  be  attributed  to  the  sympathetic  nervous  system.  There  is  good 
evidence,  however,  that  the  effect  on  the  thyroid  can  occur  inde¬ 
pendently  of  nervous  control.423  For  example,  thyroid  tissue  trans¬ 
planted  into  the  abdominal  wall  responds  characteristically  when 
the  animal  host  is  injected  with  pituitary  extract.  Likewise  Eitel, 
Krebs,  and  Loeser  134  showed  that  even  surviving  thyroid  cells, 
cultivated  in  vitro ,  will  respond  to  pituitary  extracts;  *  and  Foot, 
Baker,  and  Carrel 1,0  have  observed  a  similar  result  when  the  whole 
thyroid  organ  is  cultivated  in  the  Lindbergh  apparatus.  In  another 
chapter  it  will  be  necessary  to  discuss  the  relation  of  nerves  to  the 

*  Excellent  pioneer  work  in  this  field  was  done  by  Okkels  (1937). 
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complete  picture,  but  at  the  moment  we  may  be  content  to  consider 
this  thyroidal  reaction  as  an  essentially  biochemical  phenomenon. 

Concomitant  Fluctuations  in  Iodine.  In  terms  of  iodine,  the 
striking  histological  changes  just  described  may  be  followed  by 
equally  marked  chemical  changes,  illustrated  by  Table  28.  As  the 
colloid  in  the  gland  disappears,  a  collateral  loss  of  thyroid  iodine 
occurs,  until  less  than  one-tenth  of  the  original  content  remains.88 
At  this  point,  scarcely  a  trace  of  the  iodine  remnant  is  in  the  form 
of  thyroxine.  Indeed,  such  glands,  when  excised,  show  almost  no 


TABLE  28 

“Organische”  and  “Anorganische”  Iodine  in  Thyroid  Glands 


Experi-  Thyroid  Alcohol-soluble  Alcohol- 

ment  no.  Group  gland  *  Total  iodine  iodine  insoluble  iodine 


7 

7 

7 

mg.  % 

per 

per 

per 

mg. 

gland 

mg.  % 

gland 

mg.  % 

gland 

I 

Control  . 

23.6 

30.2 

7.2 

1.0 

0.2 

29.2 

7.0 

Injected  . 

48.O 

12.4 

6.0 

1.2 

0.6 

1 1.2 

54 

Per  cent  change 

+  104 

-59 

-17 

—  62 

-23 

2 

Control  . 

29.O 

33  0 

9.6 

1.6 

0-5 

314 

9-i 

Injected  . 

58-7 

9.2 

5-4 

4-4 

2.6 

4.8 

2.8 

Per  cent  change 

+  102 

-75 

-44 

-85 

-69 

3 

Control  . 

% 

28.7 

27.4 

7-9 

0.6 

0.2 

26.8 

7-7 

Injected  . 

50.7 

6-5 

3-3 

1. 1 

0.5 

54 

2.8 

Per  cent  change 

+80 

-79 

-58 

-80 

-63 

4 

Control  . 

28.7 

27.4 

7-9 

0.6 

0.2 

26.8 

7-7 

Injected  . 

54-3 

15-2 

8.2 

7.8 

4.2 

74 

4.0 

Per  cent  change 

+90 

-45 

+3 

-73 

-48 

*  Average  weight  per  rat. 

From:  K.  Closs,  L.  Loeb  and  E.  M.  MacKay,  J.  Biol.  Chem.  96:  590.  1932. 


pharmacological  potency.301  The  total  iodine  level  in  the  blood  may 
rise  to  three  times  the  normal  during  the  acute  response,  and,  on 
fractionation  of  the  total,  the  rise  is  found  to  occur  chiefly  in  the 
organically  bound  “P”  element.  Further  subdivision  of  this  circulat¬ 
ing  organic  iodine  indicates  that  the  “T”  and  “D”  moieties  are 
elevated  in  approximately  the  same  proportions  as  those  found  in 
the  resting  normal  colloid.  In  short,  this  phenomenon  is  extraordi¬ 
narily  like  the  “thyroid  diarrhea”  which  Kocher  described  for 
human  Graves’  disease.  Of  course,  a  marked  increase  in  urinary 
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excretion  of  iodine  occurs,  with  a  striking  negative  iodine  balance, 

which  will  be  discussed  in  Chapter  IN. 

Such  a  situation  obviously  is  pathological,  but  its  importance 
lies  in  its  heroic  demonstration  of  the  continual  biochemical  ‘  tonus 
to  which  the  thyroid  gland  is  subject.  In  old  people  rusticating  in 
warm  climates  the  degree  of  tonic  stimulation  is  minimal,  so  that 
the  human  gland  approaches  the  histological  status  found  in  the 
hypophysectomized  animal  as  its  basal  metabolism  sinks  and  the 
total  metabolic  requirement  falls  off.  The  sleek  and  sleepy  pedi¬ 
greed  albino  rat,  living  an  Oriental  carefree  life  in  a  well-regulated 
animal  house,  may  present  a  thyroid  which  is  “completely”  resting. 
Such  animals  exhibit  a  very  low  endogenous  iodine  excretion,  as 
might  be  inferred  from  their  enforced  inactivity. 

When  the  struggle  for  existence  is  harder,  however,  the  thyroid 
becomes  “activated”  according  to  the  demands  made  upon  the 
animal  or  man.  As  the  pace  of  life  increases,  one  may  observe  in 
sequence  the  series  of  events  described  above,  appearing  gradatim 
and  pari  passu  with  the  stress  involved.  Extreme  cold,  sexual  ex¬ 
citement,  gestation  and  lactation,  chronic  fear,  chronic  depression 
of  oxidation  by  cyanides,  the  need  for  food,  —  such  are  the  circum¬ 
stances  which  activate  the  thyroids  of  man  and  beast.  Admittedly 
such  phenomena  operate  through  nervous  channels,  and  these 
neurohumoral  relationships  will  be  discussed  in  Chapter  VIII.  For 
the  moment,  let  us  categorically  assume  that  the  final  common  path 
of  these  stimuli  ends  in  the  pituitary  and  increases  its  secretion  of 
thyrotropic  hormone,  thus,  at  length,  to  release  from  the  thyroid 
more  of  its  stored  hormone.  This  hypothesis  is  essentially  that  of 
Marine,  who  believes  that  thyroid  hyperplasia  and  activity  are  regu¬ 
lated  solely  by  thyrotropic  tonus,  as  discussed  in  Chapter  V. 

The  Pituitary-Thyroid  Axis 

Were  not  this  regulatory  mechanism  delicately  poised,  excessive 
release  of  thyroid  hormone  could  easily  occur  and  in  extreme  cases 
the  thyroid  itself  might  become  “burned  out,”  i.e.,  become  atrophic 
t  rough  cirrhosis.  This  result  actually  has  been  produced  in  ex¬ 
perimental  animals,  and  is  observed  in  cretinism  and  in  the  clinical 
myxedema  which  sometimes  follows  neglected  hyperthyroidism  Two 
factors  operate,  however,  to  oppose  the  release  of  pituitary  hormone 
name  y,  (/)  the  concentration  of  blood  hormone,  and  (2)  the  con- 
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centration  of  blood  iodine.  The  delicate  balance  so  attained  is 
another  admirable  example  of  the  homeostatic  mechanisms  which, 
in  Cannon’s  words,  constitute  the  “wisdom  of  the  body.”  Because 
this  endocrine  balance  is  of  prime  importance  in  the  control  of  iodine 
balance,  it  will  be  profitable  to  examine  it  in  some  detail. 

i.  Opposing  Effect  of  Circulating  Hormone.  Leo  Loeb  330  in¬ 
jected  a  control  group  of  guinea  pigs  with  thyrotropic  hormone 
and  obtained  the  characteristic  histological  picture  and  metabolic 
response  already  described.  Simultaneously  he  gave  to  a  “test” 
group  of  guinea  pigs  not  only  the  pituitary  hormone  but  also 
a  moderate  dose  of  thyroid  hormone  in  the  form  of  thyroidin.* 
In  consequence,  the  thyroid  glands  of  the  “test”  group  remained 
essentially  unaffected.  Similar  experiments  by  Loeser  and  Thomp¬ 
son  339  and  by  Aron,  van  Caulaert,  and  Stahl,21  performed  with 
crystalline  thyroxine,  likewise  indicate  inhibition  of  thyrotropic 
activity  by  circulating  hormone.  When  intact,  normal  animals 
are  treated  (a)  with  a  certain  dose  of  thyrotropic  hormone  alone, 
and  ( b )  with  thyroxine  together  with  the  same  dose  of  thyrotropic 
hormone,  careful  comparison  of  these  two  groups  shows  that  less 
thyroid  hyperplasia  results  when  thyroxine  is  given  (group  b )  in 
addition  to  the  tropic  hormone.  Similar  results  have  been  obtained 
with  intact  animals  treated  simultaneously  with  thyrotropic  hor¬ 
mone  and  thyroid  hormone  in  various  other  forms,  namely,  whole 
thyroid  or  derivatives  of  thyroid  peptone.333  Moreover,  Kuschinsky 
found  that  the  concentration  of  thyrotropic  hormone  in  the  anterior 
pituitary  varies  inversely  with  the  extent  of  thyroid  secretion. 

In  general,  whenever  the  concentration  of  thyroid  hormone  in  the 
circulating  blood  falls,  that  of  the  thyrotropic  hormone  probably 
rises.  This  is  the  so-called  “castration  phenomenon”  which  has 
been  demonstrated  even  more  clearly  for  the  gonads  than  for  the 
thyroid.  In  more  precise  terms,  after  the  ablation  of  an  endocrine 
gland  which  is  normally  under  the  influence  of  a  pituitary  tropic 
hormone,  the  pituitary  becomes  hyperactive  and  produces  in  excess 
the  tropic  hormone  in  question.  This  phenomenon  has  been  clearly 
elucidated  by  van  Dyke  559  and  is  well  known  to  gynecologists 
treating  patients  with  symptoms  associated  with  the  menopause. 
In  the  case  of  the  thyrotropic  hormone,537  the  evidence  is  less  clear 

*  This  indicates  a  peptone  containing  both  thyroxine  and  diiodotyrosine  in  pep¬ 
tide  combination.  The  term  usually  refers  to  desiccated  thyroid. 
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than  for  the  gonads.  Nevertheless  it  is  possible  to  demonstrate  in¬ 
creased  thyrotropic  activity  of  the  urine  in  patients  and  in  animals 
whose  thyroid  tissue  has  been  removed  in  large  part.-  The  same 
probably  is  true  also  in  cases  of  spontaneous  myxedema  while  the 
condition  is  still  developing.239  Increased  thyrotropic  activity  of  the 
blood,  though  likely  in  myxedema,  has  not  been  demonstrated  so 
clearly.102  Various  assay  methods  are  available  for  studying  this 
problem,  but  they  are  crude  and  inconvenient  at  present.  One  of 
the  more  convenient  procedures  will  be  described  in  the  Appendix. 
Already  several  biological  Uunits”  have  been  described,  of  which 
that  of  Schoeller  266  is  perhaps  best  known.  Most  of  these  units 


TABLE  29 

Effect  of  Various  Urines  upon  Thyroid  Cell  Height  in  Guinea  Pigs  * 


No. 

Group 

Condition 

Mean  Height  of  Thyroid  Cells 
Range  it  Average 

28 

Control  animals 

Untreated 

3.5  to  4.46 

3-93 

21 

Normal 

B.M.R. 

—  9%  to  -f-n% 

3.84  to  5.04 

4.40 

8 

Hypometabolism 

B.M.R. 

1 

►H 

r+ 

O 

1 

3.93  to  5.92 

4.70 

3 

Hypothyroid 

Total  thyroidectomy 

4.50  to  6.34 

5-49 

14 

Hyperthyroid 

B.M.R. 

+8%  to  +  90% 

2.96  to  5.44 

3 -S3 

*  Clinical  studies  with  so  cc.  urine  specimens. 

From:  P.  Starr,  R.  W.  Rawson,  R.  E.  Smalley,  E.  Doty  and  H.  Patton,  West.  J.  Surg.  47:  72. 


1939. 

depend  upon  the  degree  of  histological  change  in  the  thyroid,  but 
it  is  possible  also  to  formulate  a  unit  based  upon  how  much  the  blood 
iodine  may  increase.  Table  29  shows  results  obtained  by  measuring 
the  height  of  thyroidal  acinar  cells  in  guinea  pigs.  The  method  is 
illustrated  in  Fig.  16. 

2.  Opposing  Effect  of  Iodine.  Because  of  the  classic  effect  of  io¬ 
dine  compounds  in  Graves’  disease,  much  interest  has  been  displayed 
in  the  influence  of  iodine  compounds  on  this  thyrotropic  effect.  Loeb 
showed  that  both  potassium  iodide  and  thyrotropic  hormone  may 
stimulate  the  thyroid  (see  Chapter  V).  Silberberg 510  found, 
however,  that  when  the  two  are  given  simultaneously  the  result 
varies  with  the  dosage  of  each  used  and  with  the  time  of  administra¬ 
tion.  Therefore  no  single,  simple  statement  can  describe  adequately 
the  effect  of  iodide  upon  the  balance  between  pituitary  and  thyroid. 
The  difficulty  lies  in  the  fact  that  iodine  affects  both  of  these  glands^ 
and  in  addition  may  have  some  slight  effect  on  the  metabolic  response 
of  the  tissues  at  large.  Depending  upon  the  mode  of  administration 
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and  the  respective  doses  of  tropic  hormone  and  of  iodine,  the  latter 
may  either  enhance  or  inhibit  the  effect  of  the  former.  For  example, 
Silberberg  Jl°  injected  guinea  pigs  intraperitoneally  with  a  certain 
tropic  extract  every  day  for  a  month,  giving  io  mg.  of  potassium 
iodide  simultaneously.  As  judged  by  control  animals  who  received 
no  iodide,  this  drug  increased  the  effect  of  tropic  hormone.  The 


Fig.  16.  Curves  obtained  by  histometric  measurement  of  two  thyroids  (five  sections 
of  each).  (A)  The  gland  of  an  untreated  guinea  pig.  (B)  The  gland  of  a  guinea  pig 
after  three  daily  injections  of  0.02  cc.  of  thyrotropic  hormone  in  the  form  of 
Antuitrin-T,  each  cubic  centimeter  of  which  contains  50  Junkmann-Schoeller  units. 

From:  P.  Starr,  R.  W.  Rawson  et  al.,  West.  J.  Surg.  47:  67.  1939. 

extent  of  the  synergistic  action  was  greatest  when  small  doses  of 
iodide  were  combined  with  relatively  large  doses  of  hormone. 

It  is  easier,  on  the  other  hand,  to  demonstrate  that  iodide  depresses 
the  tropic  effect,  as  shown  in  Fig.  17*  This  fact  has  been  shown 
admirably  by  many  investigators,  among  whom  are  Siebert  and 
Thurston,509  Friedgood,186  and  Elmer.1411  The  latter  found,  for  in¬ 
stance,  that  daily  doses  of  about  15  Scholler  units  of  tropic  hormone 
were  largely  nullified  by  the  simultaneous  dosage  of  37  mg.  of  potas- 
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sium  iodide.  How  the  iodine  acts  is  unknown.  It  is  thought  to  have 
three  effects:  (/)  on  the  thyroid,  (a)  on  the  anterior  pituitary  and 
its  thyrotropic  hormone,  and  (3)  on  the  end-organs  peripherally. 
Salter  and  Lerman  470  have  discussed  the  first  of  these  as  a  mass 
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Fig.  17.  The  basal  metabolic  rate  of  guinea  pigs  injected  daily  with  sodium  iodide 
(in  large  and  small  doses)  in  addition  to  injections  of  anterior  pituitary  extract.  The 
data  were  derived  from  averages  of  rather  scattering  results. 

Curve  A  represents  the  averaged  data  on  25  control  animals,  each  of  which  received 
daily  intraperitoneal  injections  of  an  alkaline  extract  of  the  anterior  hypophysis  in 
doses  of  2  cc.  per  kilogram  of  body  weight. 

Curve  B  represents  the  averaged  data  on  17  experimental  animals,  each  of  which 
was  given  the  same  dose  of  anterior  pituitary  extract  as  in  A  in  addition  to  0.0001  gram 
to  0.002  gram  sodium  iodide  per  kilogram  of  body  weight. 

receivpH  th  Tepres™ts  thef  aver*ged  data  on  18  experimental  animals,  each  of  which 
received  the  same  doses  of  anterior  pituitary  extract  as  in  A  in  addition  to  o  1  gram  to 
0.2  gram  sodium  iodide  per  kilogram  of  body  weight.  '  g  am  to 

From:  H.  B.  Friedgood,  J.  Pharmacol,  and  Exper.  Therap.  53 :  49.  I93S. 

action  due  to  increased  iodine  concentration,  which  favors  the 
storage  of  thyroid  protein. 

WetliSlund'tff^n  fr°m  CHniCal  £XperienCe’  Abe,i" 

g  1  found  that  dl>odotyrosine  exerted  a  similar  inhibition  of 


TABLE  30 


Effect  of  Iodide  on  Thyrotropic  Potency  of  Rat  Pituitary 


Rat  Donor 

Guinea  Pig  Recipient 

No. 

Preliminary 

treatment 

Condition  of 
the  thyroid 

No. 

Condition  of 
the  thyroid 

Number  of 
implanted 
pituitaries 

J  7 

17  days  on 

In  part  active, 

0.05  grams 

in  part  filled 

Nal 

with  colloid 

\ 

\  M  38 

Active  * 

4 

J  2 

J  5 

J  4 

Inactive 

J  3 

In  part  active, 

J  i 

17  days  on 

in  part  filled 

>  0.05  grams 

with  colloid 

M  39 

Active  * 

4 

J  8 

Na'l 

J  6 

Inactive 

J  io  1 

17  days  on 

In  part  active,  N 

J  16 

0.05  grams 
Nal 

in  part  filled 
with  colloid 

►  M  51 

Active  * 

3 

J  i7  J 

Inactive  J 

J  14  ) 

In  part  active, 

17  days  on 

in  part  filled 

0.05  grams 

with  colloid 

J  9 

Nal 

Active 

J  19 

In  part  active, 
in  part  filled 

J 

with  colloid 

>  M  52  Active  * 


) 


J  13  ' 
J  12 

J 15 

J  20  J 

17  days  on 

0.05  grams 
"  Nal 

In  part  active, 
in  part  filled 
with  colloid 

■  M  S3 

J  29  ] 
J  32 

J  30 

J  24  , 

5  days  on 

5  mg.  Nal 

Active 

J 

.  M  60 

J  3i  1 

J  26 

J  21 

J  22  y 

1  5  days  on 

5  mg.  Nal 

A 

Active 

J 

►  M  61 

J  28  ] 
J  27 

J  23 

1  5  days  on 

5  mg.  Nal 

Active 

►  M  62 

J  25  J 


Active  * 


Very  active 


Very  active 


Very  active 


*  In  these  cases,  especially  marked  cellular  proliferation  was  noted. 

From:  G.  Kuschinsky,  Arch.  f.  exper.  path.  u.  pharmakol.  r7o:  5*9-  >933 
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thyrotropic  action.  Indeed,  iodine  for  iodine,  it  seems  to  be  inter¬ 
changeable  with  potassium  iodide  in  this  respect.  These  authors 
also  obtained  some  effect  with  dibromtyrosine.  Elmer,138- 14«  and 
Siebert  and  Linton  508  agree  that  diiodotyrosine  is  not  superior  to 
potassium  iodide  in  its  effect. 

Several  investigators  believe  that  the  effects  of  iodide  upon  the 
thyroid  are  always  indirect  tropic  effects  resulting  from  changes 
in  the  pituitary.  Loeser  and  Thompson,339  in  particular,  have  esti¬ 
mated  the  content  of  thyrotropic  hormone  in  the  pituitary,  and  have 
found  that  very  large  doses  of  iodide  lead  to  increased  tropic 
potency,  whereas  very  small  doses  depress  the  production  of  such 
hormone.  Likewise  Kuschinsky  306  injected  large  doses  into  rats 
and  found  a  markedly  increased  pituitary  content,  as  shown  in 
Table  30.  Diiodotyrosine  gives  a  similarly  variable  reaction,  accord¬ 
ing  to  the  dosage  employed.  The  actual  range  of  daily  dosage  studied 
in  rats  was  from  50  mg.  to  approximately  0.0 1  mg., 300  but  even  the 
smallest  dose  exceeded  by  far  the  rat’s  daily  requirement  of  iodine. 
These  observations,  therefore,  are  of  great  therapeutic  or  pharmaco¬ 
logical  interest,  but  do  not  lend  themselves  readily  to  physiological 
interpretation. 

Indeed  other  workers,  notably  Marine,355  have  concluded  both 
(a)  that  the  only  cause  of  increased  thyroidal  activity  is  increased 
tropic  stimulation,  and  also  (b)  that  pituitary  activity  augments 
progressively  as  the  iodine  supply  approaches  zero  or,  conversely, 
decreases  as  the  supply  of  iodide  becomes  abundant.  It  is  still  a 
moot  point  whether  this  inverse  relationship  is  maintained  by  the 
direct  effect  of  the  element  on  the  hypophysis,  or  indirectly  by  an 
increase  in  circulating  thyroid  hormone,  secondary  to  the  abundant 
supply  of  Ausgangsmaterial  (iodine)  from  which  the  hormone  is 
manufactured.  This  point  will  be  raised  again  in  our  consideration 
of  the  control  of  clinical  hyperthyroidism  in  Chapter  XI. 

Pituitary  Iodine.  When  the  thyroid  is  removed  the  high  iodine 
content  of  the  pituitary,  like  that  of  the  ovaries  and  the  adrenals 
drops  to  the  level  of  other  tissues.529  The  major  part  of  this  pituitary 
iodine  is  in  organic  combination,  although  little  is  known  of  the 
actual  compound  it  makes.  It  is  not  even  clear  that  this  substance 
is  very  like  thyroxine  in  its  chemical  behavior.  Sturm  and  Schnee- 
berg  reported  that  the  normal  anterior  pituitary  stored  iodine 
as  seen  in  Table  31.  Thyroid  feeding  enhanced  this  storage,  but  the 
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point  requires  further  study.  The  total  iodine  concentration  of  the 
fresh  mammalian  anterior  pituitary  is  about  80  to  190  gamma  per 
cent.  Similarly,  Sturm  and  Buchholz  529  found  in  fresh  human 


TABLE  31 


Iodine  Content  of  Dog  Brain  (average  values  from  i  i  animals) 


Pallidum 

Cerebellum 

Medulla 

Oblongata 

Thalamus  + 
Hypothalamus 
+  Tuber 
cinereum 

Hypophysis 

Weight 

of  brain  Iodine 
analyzed  content 
in  grams  in  7  % 

Weight 
of  brain 
analyzed 
in  grams 

Iodine 
content 
in  7  % 

Weight 
of  brain 
analyzed 
in  grams 

Iodine 
content 
in  7  % 

Weight 
of  brain 
analyzed 
in  grams 

Iodine 
content 
in  7  % 

Weight 
of  brain 
analyzed 
in  grams 

Iodine 
content 
in  7  % 

22.15 

6.41 

14.4 

9-03 

10.0 

8.7 

I -95 

27.69 

0.38 

486.84 

22.15 

6.32 

4.8 

9-37 

10.0 

9.0 

3-9 

25.64 

O.19 

494-74 

Average  ] 

iodine 
content  J 

j*  6-37 

9.2 

8.85 

27-35 

490.79 

From:  A.  Sturm  and  R.  Schneeberg,  Ztschr.  f.  d.  ges.  exper.  med.  86:  670.  1933. 


(whole)  pituitaries  80  gamma  per  cent  iodine,  or  490  gamma  per 
cent  of  dried  substance.  Closs  87  found  in  commercial  desiccated 
anterior  pituitary  powder  between  43  per  cent  and  96  per  cent  of 

TABLE  32 

Iodine  in  Human  Pituitaries 


I2  Per  ioo  Gm. 


Case  No. 

Weight 

analyzed 

Wet 

Dry 

Remarks 

gm. 

micrograms 

micrograms 

374 

0-33 

<3° 

15-30  cc.  cod  liver  oil  daily  for  1  yr. 
before  death 

555 

0.24 

<41 

1  dose  KI  2  days  before  death 

604 

0.30 

<33 

KI  3  weeks  before  death 

368 

0.30 

150 

660 

Dressed  with  iodoform  sponge  in 
last  wk.  of  life 

371 

o-45 

80 

390 

Same 

547 

0.28 

40 

190 

100  mg.  KI  daily  for  last  2  mos.  of 
life 

From:  E.  J.  Baumann  and  N.  Metzger,  J.  Biol.  Chem.  127:  114.  1939- 


the  total  iodine  to  be  organic.  Noether  411  studied  the  pituitary 
“colloid,”  in  which  he  found  about  1.3  mg.  per  cent  iodine.  This 
finding  merits  further  study  because  it  is  denied  by  Baumann,41 
whose  analyses  are  illustrated  in  Table  32. 
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Pituitary-Thyroid  Interaction.  Thus  there  seems  to  be  a  con¬ 
stant  regulatory  relationship  between  the  thyroid  and  the  pituitary. 
In  patients  with  the  severe  thyrotoxicosis  of  Graves’  disease 
there  is  a  decreased  content  of  thyrotropic  hormone  in  the  blood  and 
urine.102  Conversely,  in  developing  athyreosis  Aron 10  found  in¬ 
creased  tropic  hormone  in  blood  and  urine.  As  one  ventures  an 
appraisal  of  conflicting  evidence,  however,  the  major  difficulty  is 
lack  of  adequate  quantitative  control.  Even  in  its  simplest  form, 
the  pituitary-thyroid-iodine  equation  is  tridimensional,  whereas  most 
of  the  observations  available  thus  far  control  only  one  variable. 
In  addition,  the  influence  of  time,  including  attendant  fluctuations 
in  concentrations  and  excretions,  results  in  a  devastating  uncertainty. 
Henceforth,  careful  students  of  the  thyroid-pituitary  axis  must 
measure  (a)  thyrotropic  hormone  in  blood  170  or  urine,  preferably  in 
both;  ( b )  concentrations  of  the  blood  iodine  fractions,  “T,”  “D” 
and  inorganic;  and  (c)  some  other  variable  or  variables,  e.g.,  basal 
oxygen  consumption,  metabolic  iodine  balance,  or  size  of  follicular 
cells  in  the  thyroid.  With  these  precautions,  it  should  soon  be  clear 
how  important  each  of  the  prime  variables  can  be,  and  to  this  end 
the  development  of  more  useful  assay  methods  must  be  pushed.158 

In  the  meantime,  some  of  these  confusing  data  can  be  reconciled 
through  a  process  of  rationalization,  which  in  retrospect  will  be 
called  wisdom  if  correct  and  blindness  if  false.  The  high  concentra¬ 
tions  of  thyrotropic  hormone  sometimes  found  in  the  pituitary  may 
indicate  a  cessation  of  secretion,  with  resulting  accumulation,  rather 
than  a  greater  outflow  into  the  circulation.  Similarly,  the  accumula¬ 
tion  of  acidophilic  granules  in  the  pituitary  may  reflect  storage  of 
hormone  rather  than  increased  output.  Nevertheless,  by  analogy 
with  the  pituitary-ovarian  axis,  which  has  been  exploited  more  inten¬ 
sively  in  various  clinical  institutes  and  physiological  laboratories, 
one  can  piece  together  the  fragmentary  data  bearing  on  the  pituitary- 
thyroid  axis  as  follows: 

It  is  evident  that  the  pituitary  thyrotropic  hormone  is  the  chief 
method  by  which  activity  of  the  thyroid  is  ordinarily  controlled. 
When  the  thyroid  fails  to  put  out  sufficient  hormone  for  the  bodily 
needs,  the  concentration  of  tropic  hormone  in  the  blood  is  increased 
by  pituitary  secretion,  presumably  at  the  behest  of  nerve  centers 
!"  dlencePha'on-  When  the  concentration  of  thyroid  hormone  in 
the  blood  becomes  too  high,  whether  front  natural  or  from  artificial 
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causes,  the  pituitary  ceases  to  provide  stimulation  and  the  thyroid 
assumes  the  resting  state,  histologically  as  well  as  physiologically. 

The  pituitary’s  response  to  environmental  and  to  other  chronic 
emergency  states  is  remarkable.  Among  the  situations  which  seem 
clearly  to  lead  to  increased  pituitary  thyrotropic  activity  are 
(a)  thyroidectomy,  ( b )  pregnancy  and  lactation,  (c)  growth, 
(d)  continued  cold,  (e)  paucity  of  iodine,  (/)  chronic  infection, 
(g)  indiscriminate  administration  of  endocrine  preparations,  e.g., 
progesterone,  ( h )  chronic  poisoning  with  cyanide  derivatives, 
O’)  a  continuous  goitrogenic  diet  of  such  food  as  cabbage  and  (;) 
certain  clinical  syndromes,101  which  are  disussed  in  Chapter  XI. 
In  most  of  these  conditions  the  pituitary-thyroid  interrelation  is 
subject  to  change  by  the  artificial  alteration  of  the  concentrations 
of  circulating  thyroid  hormone  or  of  circulating  iodine  from  ex¬ 
ogenous  sources.  In  addition  to  the  depressant  effect  of  large  doses 
of  thyroid,  which  has  already  been  mentioned,  it  must  be  remembered 
that  small  doses  of  thyroid  may  actually  excite  the  pituitary.  This 
form  of  therapy  has  long  been  used  by  practicing  endocrinologists 
in  adolescents  having  a  tendency  toward  Frohlich’s  syndrome. 
Rawson  and  Starr  likewise  found  that  in  profound  myxedema  the 
pituitary  may  fail  to  put  out  thyrotropic  hormone,  as  expected, 
until  small  amounts  of  exogenous  thyroid  have  been  supplied.  Their 
findings  are  reproduced  in  Fig.  18.  Better  studies  are  needed  to 
decide  whether  such  inhibition  of  the  pituitary  merely  checks  the 
secretion  of  tropic  hormone  or  actually  inhibits  its  manufacture. 
In  either  case,  concentrations  of  all  three  major  variables  must  be 
borne  in  mind  constantly.  Thus  there  exists  a  delicate  state  of  recip¬ 
rocal  stimulation  and  inhibition  which  usually  results  in  very 

delicate  balance  or  homeostasis.21 

The  precise  details,  however,  are  not  clear.  Does  the  tropic 
hormone  merely  accelerate  the  emptying  of  thyroid  follicles  or  does 
it  also  directly  speed  up  the  manufacture  of  new  hormone?  Does 
the  pituitary  itself  recognize  the  need  for  more  thyroid  activity,  or 
do  brain  centers  in  turn  regulate  its  activity?  What  is  the  exact 
nature  of  the  circulating  tropic  hormone?  Does  it  act  catalytically 
in  the  thyroid  tissue  and,  if  so,  how?  These  and  similar  problems 
offer  a  fertile  field  for  further  study.  A  good  share  of  this  pioneer 
work  will  lie  in  the  field  of  neurological  and  psychiatric  investiga¬ 
tions,  because  it  is  already  clear  that  neurohumoral  mechanisms  in- 
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tegrate  endocrine  and  autonomic  activity.  Indeed,  so  close  is  the 
connection  that  often  it  is  difficult  to  discover  which  system  plays 
the  dominant  role  at  a  given  moment.  Graves’  disease  is  an  excellent 
example  of  this  confusion,  as  will  be  shown  in  Chapter  XI.516 

Thyroid  and  Other  Endocrines 

Because  the  activity  of  the  thyroid  is  correlated  19"  with  that 
of  other  glands,  one  might  expect  that  unusual  states  involving  such 


Fig.  i 8.  Histometric  assay  of  urine  in  spontaneous  human  myxedema  before  and 
after  treatment.  The  assay  curves  are  drawn  to  scale.  The  broken  line  indicates  blood 
cholesterol;  the  solid  line  shows  basal  metabolic  rate. 

From:  P.  Starr,  R.  W.  Rawson  et  al .,  West.  J.  Surg.  47:  74.  1939. 


interrelationships  would  affect  iodine  balance.  The  possible  number 
of  various  combinations  of  hypo-  and  hyperfunction  of  one  or  more 
endocrine  organs  is  enormous,  but  as  yet  the  data  are  so  scanty  that 
one  can  cite  only  a  few  isolated  instances  which  have  been  carefully 
studied  from  the  standpoint  of  iodine  metabolism.  Thus  far,  there 
seems  to  be  no  clear-cut  case  in  which  such  an  alteration  in  iodine 
balance  is  not  the  direct  consequence  of  altered  thyroid  activity 
with  the  possible  exception  of  the  ovarian  activity  (to  be  discussed 
in  apter  VII)  and  also  those  disturbances  which  induce  marked 
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wasting  of  general  body  protoplasm  or  at  least  of  body  water.  A 
few  of  the  better  known  reciprocities  will  be  cited. 

Adrenal  Cortex  and  Iodine.  Since  the  demonstration  by 
Hoskins  “  that  large  doses  of  thyroid  induce  hypertrophy  of  the 
adrenal  cortex  in  young  guinea  pigs,  numerous  observations  have 
shown  that  there  is  an  apparently  antagonistic  effect  of  the  adrenal 
cortex  on  the  action  of  thyroid  hormone.  When  the  adrenal  cortical 
function  is  reduced  experimentally  in  rabbits,  many  of  the  animals 
respond  by  an  increased  basal  oxygen  consumption  which  may 
endure  for  several  weeks.  This  is  obviously  due  to  a  thyroid  effect, 
because  it  does  not  occur  in  athyreotic  animals.  Other  animals, 
e.g.,  mice  and  white  rats,  respond  to  thyroxine  more  readily  if  the 
adrenal  cortical  function  is  low,  and,  conversely,  increased  cortical 
activity  or  concentrations  interfere  with  the  working  of  the  pituitary- 
thyroid  axis.  Reiss  and  his  coworkers  454  even  reduced  the  blood 
iodine  concentration,  with  concomitant  involution  of  the  thyroid,  by 
administering  adrenal  cortical  hormone  in  excess.  Likewise  several 
investigators  506, 290, 414  have  found  that  cortical  extracts  afford  partial 
protection  against  the  metabolic  effects  of  thyroxine  and  of  thyro¬ 
tropic  hormone.  After  complete  adrenalectomy,  also,  the  expected 
life  of  the  cat  is  shortened  by  administering  thyroxine  or,  conversely, 
is  prolonged  by  thyroidectomy. 

Many  of  these  findings  can  be  explained  on  the  assumption  that 
a  peripheral  antagonism  exists  between  the  two  hormones,  which  is 
independent  of  pituitary  activity.  On  the  other  hand,  it  is  difficult 
to  avoid  the  conclusion  that  many  of  the  associated  phenomena 
involve  either  the  pituitary-cortical  axis,  the  pituitary-thyroid  axis, 
or  both  axes  simultaneously.  For  example,  pituitary  extracts  fail 
to  induce  marked  hypertrophy  of  the  adrenal  cortex  in  the  absence 
of  the  thyroid  and  unless  thyroxine  be  supplied.  Similarly,  in  the 
presence  of  the  pituitary,  atrophy  of  the  adrenal  cortex  or  ablation 
of  a  major  portion  thereof  leads  to  hypertrophy  of  the  thyroid. 
Whether  this  thyrotropic  action  is  an  incidental  result  of  a  non¬ 
specific,  “shotgun”  castration  response ,  or  whether  it  serves  some 
definite  purpose  is  unknown.  Nor  have  a  sufficient  number  of  data 
on  the  associated  iodine  balance  been  accumulated  to  permit  of 
profound  generalizations.  In  clinical  Graves’  disease,  this  inter¬ 
relation  may  introduce  an  important  complication,  as  described  in 

Chapter  IV  and  XI.  (See  footnote,  p.  269.) . 

That  the  adrenal  cortex  participates  in  iodine  metabolism  might 
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be  suspected  from  its  hypertrophy  following  injections  of  thyro¬ 
tropic  hormone.335- 332  Treatment  with  iodide  prevents  this  hyper¬ 
trophy.141  The  problem  needs  more  study  because  Marine  3  ,4  sees 
in  thyrotoxicosis  an  adrenal  hypofunction,  whereas  Crile  and 
Lewenfisz  323  see  hyperfunction.  No  clear  observations  on  iodine 
metabolism  are  available  in  Addison’s  syndrome  or  in  adrenal  hyper¬ 
plasia,  and  these  are  sorely  needed. 

The  adrenal  medulla  also  shows  a  reciprocal  relationship  with 
the  thyroid,  but  because  this  phenomenon  is  intimately  bound  up 
with  neural  status  it  will  be  discussed  in  a  later  chapter.  With 
respect  to  the  qualitative  nature  of  adrenal  iodine,  it  has  been 
impossible  to  demonstrate  any  significant  amount  of  “thyroxine-like” 
material  in  either  part  of  the  ox  gland. 

Thyroid  and  Parathyroid.  In  certain  respects  the  parathyroid 
behaves  like  the  adrenal  cortex  in  its  reaction  toward  thyroid  activity. 
Large  doses  of  thyroid  extract  induce  hypertrophy  of  the  para¬ 
thyroids,  while  inducing  simultaneously  a  greatly  increased  excre¬ 
tion  of  calcium.  In  hypoparathyroid  animals,  likewise,  thyroxine 
may  precipitate  tetany.  On  the  other  hand,  in  rabbits  which  have 
been  thyroidectomized  the  calcium  turnover  diminishes  and  the 
parathyroids  may  be  found  to  be  involuted.  It  was  formerly  believed 
that  calcium  metabolism  might  influence  iodine  balance.  The 
results  of  Curtis  and  his  associates  and  of  Aub  and  his  coworkers,28 
however,  merely  show  that  both  iodine  and  calcium  balances  are 


altered  secondarily  in  response  to  changes  in  endocrine  activity. 

Pancreas.  The  pancreas  probably  is  involved  in  iodine  metabolism 
only  secondarily  to  its  antagonistic  action  toward  the  thyroid.143 
Sweet  and  Ellis  ligated  the  pancreas  in  dogs  and  found  a  marked 
increase  in  the  colloid  and  iodine  of  the  thyroid.  After  intravenous 
insulin,  on  the  other  hand,  the  blood  iodine  drops  to  one-half  in  an 
hour  and  a  half  500  and  remains  at  this  level  for  some  hours.  Early 
in  human  diabetes  Turner  and  Matthews  552  found  that  2  7  per  cent 
of  their  cases  had  values  around  60  gamma  per  cent.  Veil  and 
Sturm  -  likewise  found  high  values.  Later,  with  poor  nutrition 
blood  iodine  may  be  subnormal.  The  gland  itself  has  little  predilec¬ 
tion  for  iodine.  In  fresh  whole  pancreas  Elmer  139  found  from  i  *  to 
20  gamma  per  100  grams  of  fresh  tissue.  In  dogs  the  total  amount  of 

fr,  2  le.‘S  fr°m  6  t0  8  mic">grams.52»  To  what  extent  the 
islet  tissue  participates  in  the  total  is  unknown 

Thymus  and  Thyroid.  An  antagonism  between  thyroid  and 
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thymus  can  be  shown  on  several  counts.  For  example,  the  feeding 
of  thyroid  regularly  induces  a  rapid  proliferation  of  the  thymus 
cells,  with  hypertrophy  of  the  gland  in  several  species.  Conversely, 
the  thyroid  involutes  after  removal  of  the  thymus.  Likewise,  when 
an  adult  rabbit  is  treated  with  thymus  extract,  it  responds  less 
markedly  to  thyroxine  than  does  the  control  animal  receiving 
thyroxine  alone.  There  is  some  evidence  that  this  interrelationship 
obtains  also  in  Graves’  disease,  a  point  to  be  studied  further.  It  is 
not  yet  clear  to  what  extent  the  pituitary  participates  in  these 
phenomena.  It  is  not  certain,  either,  that  the  “alarm  reaction” 
described  by  Selye  has  a  definite  clinical  counterpart. 

In  summary,  then,  there  is  a  dearth  of  strictly  quantitative  evi¬ 
dence  as  to  the  precise  effect  of  the  several  endocrines  on  iodine 
metabolism.  It  is  known  that  several  of  them  limit  thyroid  activity 
and  the  need  for  thyroid  hormone.  Thus  far  they  control  the  iodine 
turnover.  Whether  their  antagonism  is  purely  peripheral,  or  whether 
they  influence  directly  the  pituitary-thyroid  axis  has  not  been 
elucidated. 

Peripheral  Pituitary-Thyroid  Relationships 

Apparently  distinct  from  the  interplay  of  the  pituitary-thyroid 
axis  are  other  relationships  which  have  to  do  with  the  response  of 
peripheral  tissues.  For  example,  the  pituitary  growth  hormone  is 
effective  in  athyreotic  animals,162  but  the  simultaneous  use  of 
thyroid  extract  renders  growth  hormone  more  effective.324  On  the 
contrary,  thyroxine  fails  to  stimulate  growth  in  young  animals  which 
have  been  both  thyroidectomized  and  pituitectomized,  despite  its 
marked  effect  on  the  growth  of  animals  and  children  suffering  from 
simple  athyreosis.  Similar  relationships  which  obtain  between 
thyroid  and  ovary  will  be  considered  in  Chapter  VII,  but  it  is  clear 
that  many  peripheral  hormonal  responses  become  sluggish  in  the 
total  absence  of  thyroid  hormone.  This  observation  is  perfectly 
reasonable  in  view  of  the  evolutionary  fact  that  the  thyroid  was 
already  functioning  before  the  other  endocrines  appeared,  as  pointed 

out  by  Guernsey,209  excepting  the  gonads. 

A  special  case  is  the  pituitary  itself  in  total  athyreosis,  as  already 
mentioned  The  “captain”  of  the  endocrine  glands  is  dependent  upon 
the  thyroid  for  its  own  health.  Accordingly,  as  myxedema  develops 
in  the  athyreotic  organism,  the  pituitary  responds  with  increased 
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tropic  activity.  Eventually,  however,  such  activity  ceases.  It  was 
once  thought  that  the  “castration  phenomenon”  had  provoked  such 
hyperactivity  in  the  pituitary  as  to  “burn  the  gland  out”  through 
overwork.  It  seems  more  likely  now  that  the  pituitary  itself  be¬ 
comes  ill  and  therefore  ceases  to  secrete  tropic  hormone.  At  this 
juncture,  if  minute  doses  of  thyroid  extract  or  of  thyroxine  are  ad¬ 
ministered,  excessive  thyrotropic  activity  may  again  be  observed  as 
the  pituitary  revives.510  Pituitary  iodine  increases  simultaneously 
from  its  low  level,  characteristic  in  myxedema.  Only  after  more 
prolonged  treatment  with  thyroid  extract  does  the  tropic  activity 
cease  because  of  increased  circulating  blood  hormone.  At  the  present 
writing  this  interpretation  must  be  pieced  together  from  fragmentary 
observation,  with  the  better  understood  pituitary-ovarian  axis  as  a 
guide.189  Accordingly,  it  will  be  profitable  to  examine  this  other 
endocrine  interplay  for  the  light  which  it  casts  on  iodine  metabolism. 


CHAPTER  VII 


IODINE  AND  THE  PITUITARY-OVARIAN  AXIS 

Even  among  lay  people,  it  has  long  been  known  that  the  thyroid  is 
related  to  sex  function,  particularly  in  the  female.  It  is  common 
knowledge  that  the  thyroid  normally  enlarges  at  puberty  and,  in¬ 
deed,  shows  periodic  changes  during  the  course  of  the  menstrual 
cycle.  Furthermore,  enlargement  during  pregnancy  and  lactation, 
and  again  at  the  menopause,  is  so  characteristic  that  it  needs  no  ex¬ 
tensive  comment  here.  Plarington  220  has  called  attention  to  some 
rather  amusing  remarks  by  Benjamin  Rush  of  New  York  in  1806, 
who  said  that  the  thyroid  was  a  provision  “necessary  to  guard  the 
female  system  from  the  influence  of  the  more  numerous  causes  of 
irritation  and  vexation  of  mind,  and  the  more  acute  bodily  diseases 
to  which  they  are  exposed,  than  the  male  sex.”  Years  afterward, 
in  1820,  Hofrichter  249  retorted: 

1st  es  nichts  weniger  als  erwiesen,  dass  die  Schilddriise  zu  einer  Zeit  mehr 
Blut  enthalte,  als  zu  einer  anderen  —  dieses  wiirde  der  Augenschein  lehren,  und 
die  Frauen  wiirden  schon  langst  die  Mode  mit  entblosstem  Halse  zu  gehen, 
verlassen,  und  die  Manner  schon  langst  das  Schwellen  dieser  Druse  als  Anzeige 
der  von  Seiten  der  schonen  Halfte  drohenden  Gefahr  bemerkt  und  benutzt  haben. 

Even  at  the  time  of  this  metaphysical  discussion,  the  tendency 
of  puberty  and  of  pregnancy  to  precipitate  the  development  of 
goiter  in  regions  which  have  a  high  incidence  of  endemic  goiter  had 
long  been  known.  This  finding  is  not  true,  indeed,  in  regions  where 
goiter  is  almost  pandemic,  that  is,  in  regions  where  the  iodine  supply 
is  extremely  low.  In  regions  containing  somewhat  more  iodine  but 
still  showing  incidence  of  endemic  goiter,  however,  the  effect  of.  sex 
becomes  rather  marked.  Olesen  and  Taylor  41  ’  have  brought  out 
this  point  by  comparing  goiter  on  the  eastern  seaboard  (in  Connecti¬ 
cut  and  Massachusetts)  with  that  in  Cincinnati  and  also  with  that 
in  Minnesota.  The  seaboard  states  have  a  minimum  of  endemic 
goiter,  Cincinnati  has  twice  as  much  and  Minnesota  about  three 
times  as  much.  The  extensive  work  of  McClendon  and  his  associ¬ 
ates  377  has  shown  that  these  incidences  correspond  to  different  con¬ 
tents  of  iodine  in  the  regions  named.  In  these  states  the  incidence 


IODINE  AND  PITUITARY-OVARIAN  AXIS  147 

of  goiter  in  girls  is  definitely  higher  than  that  in  boys.  If  one  scruti¬ 
nizes  more  carefully  the  group  with  moderate  to  marked  enlarge¬ 
ment,  one  finds  that  at  the  peak  there  are  no  boys  in  Connecticut 
and  only  i  per  cent  of  girls,  corresponding  to  a  reasonably  adequate 
iodine  supply.  In  Cincinnati,  however,  where  the  dearth  of  iodine 
is  already  beginning  to  tell,  there  are  20  per  cent  of  girls  but  only 
4  per  cent  of  boys,  namely,  a  ratio  of  five  to  one.  Similarly,  in 
Minnesota,  where  iodine  lack  is  even  more  acute,  36  per  cent  of 
girls  as  against  6  per  cent  of  boys  are  noted,  that  is,  a  ratio  of  six  to 
one.  Furthermore,  it  is  clear  that  girls  experience  as  much  goiter  at 
a  low  degree  of  iodine  lack  as  boys  do  at  a  much  higher  degree  of 
iodine  lack.  Likewise  they  tend  to  have  larger  glands  than  do  those 
boys  who  develop  goiters  in  the  same  environment.  In  view  of  the 
fact  that  the  basal  metabolic  rate  in  women  tends  to  be  lower  than 
that  in  men,  this  peculiarity  is  rather  difficult  to  explain.  In  girls 
the  development  of  goiter  is  more  related  to  the  onset  of  puberty 
than  it  is  in  boys.  The  extensive  pioneer  work  of  Marine  355  in  the 
use  of  iodine  as  a  prophylactic  of  goiter,  one  of  the  triumphs  of 
modern  medicine,  illustrates  clearly  that  iodine  is  perhaps  the  most 
important  factor  in  this  thyroid  enlargement.  In  a  recent  article  on 
the  etiology  of  endemic  goiter,  Kimball  280  even  goes  so  far  as  to  say 
that  this  disease  is  one  purely  of  iodine  deficiency  and  therefore 
readily  preventable. 

Even  with  respect  to  exophthalmic  goiter,  statistics  show  an  over¬ 
whelming  preponderance  of  the  female  sex.  For  example,  Bram  60 
reports  the  incidence  of  Graves’  disease  as  one  boy  to  20  girls  in 
childhood,  one  man  to  five  women  in  early  adult  life  and  one  man  to 
two  women  in  elderly  people.  It  is  interesting  to  note  the  decline  in 
the  ratio  as  sex  becomes  less  important  in  the  life  span.  Indeed, 
when  McCarrison  376  followed  the  “thyroid  index,”  he.,  the  ratio  of 
thyroid  weight  to  body  weight,  throughout  the  entire  life  of  several 
species  of  animals,  he  found  that  the  “thyroid  index”  became  maxi- 
mal  just  before  the  beginning  of  sexual  maturity.  Furthermore 
Marine  355  has  noted  that  his  characteristic  cycle,  by  which  he  ex¬ 
plains  nodular  goiter,  i.e.,  hypertrophy,  hyperplasia  and  involution 
is  often  precipitated  by  pregnancy.  For  these  various  reasons  it  is 
clear  that  in  a  thyroid  clinic  the  women  predominate  to  a  marked 
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Ovarian  Iodine 

Further  evidence  that  the  ovary  is  intimately  concerned  with 
iodine  metabolism  is  derived  from  a  comparative  survey  of  the  iodine 
content  of  various  body  tissues.  Even  in  normal  animals,  Maurer  374 
found  that  the  ovary  had  the  highest  concentration  of  iodine  in  the 
body  with  the  exception  of  the  thyroid.  He  found  a  value  reaching 
over  741  gamma  per  cent,  although  this  figure  is  probably  somewhat 
too  high  because  Sturm  and  Buchholz  529  found  values  for  human 


Fig.  19.  Effect  upon  the  concentration  of  total  blood  iodine  of  normal  dogs  of  daily 
ingestion  of  a.  specific  amount  of  iodine. 

From:  H.  J.  Perkin  and  B.  R.  Brown,  Endocrinology,  22\  539.  1938. 


ovaries  of  betweeen  30  and  160  gamma  per  cent.  Various  values  in 
the  literature  for  animal  ovaries  also  show  rather  high  values,  e.g., 
in  dogs  (bitches)  104  to  161  gamma  per  cent;  529  in  hogs  609  to  648 
gamma  per  cent;  529  in  guinea  pigs  340  gamma  per  cent;  029  m  rab¬ 
bits  374  340  gamma  per  cent.  Many  of  these  figures  have  been  re¬ 
viewed  by  Carter,78  who  points  out  that  in  addition  to  the  effect  0 
iodine  in  the  diet  or  ingesta,  another  significant  factor  which  may 
influence  the  iodine  in  the  ovary  is  its  natural  variation  during  t  e 
ovarian  cycle.  The  effect  of  age  was  also  studied  by  Maurer,  Ducrue 


IODINE  AND  PITUITARY-OVARIAN  AXIS  149 

and  Palasoff,375  who  found  that  ovaries  in  newborn  babies  averaged 
138  gamma  per  cent  as  compared  with  adult  ovaries  at  741  gamma 
per  cent.  After  the  menopause,  on  the  other  hand,  the  ovarian 

iodine  decreases. 

When  iodine,  that  is,  iodide,  is  administered  to  dogs  the  impor¬ 
tance  of  the  ovary  becomes  even  more  clear,  on  comparing  the  male 
and  the  female,  from  the  standpoint  of  blood  iodine  concentration. 
Perkin  and  Brown  429  studied  the  blood  iodine  of  six  female  and 
four  male  dogs  of  the  same  breed  and  approximate  body  weight, 
i.e.,  40  to  50  pounds.  These  animals  were  given  72  mg.  of  iodine 


Fig.  20.  On  comparison  with  the  preceding  figure,  thyroidectomy  can  be  seen  to 
have  influenced  the  blood  iodine  but  little,  under  the  circumstances  described. 

From:  H.  J.  Perkin  and  B.  R.  Brown,  Endocrinology,  22:  540.  1938. 


each  day  in  the  form  of  compound  solution  of  iodine  and  their  blood 
was  analyzed  at  frequent  intervals  over  the  course  of  several  months. 
As  shown  in  the  accompanying  Fig.  19,  the  concentration  showed  a 
series  of  peaks  and  dips  varying  from  75  to  2  500  gamma  per  cent. 

otal  removal  of  the  thyroid  in  female  dogs  had  practically  no 
influence  on  the  blood  iodine,  as  shown  in  Fig.  20.  Before  thyroid¬ 
ectomy  the  blood  iodine  was  nearly  2.0  mg.  per  cent  and  after 
thyroidectomy  it  was  at  least  1.5  mg.  per  cent.  By  contrast  after 
removal  of  the  thyroid  from  the  male  dogs,  the  level  of  blood  ’iodine 
was  considerably  depressed,  i.e.,  from  about  1.5  mg.  per  cent  to  o  5 
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mg.  per  cent.  Of  course  these  levels  are  far  above  those  to  be  ex¬ 
pected  from  a  normal  diet,  and  the  blood  level  shows  considerable 
fluctuation  through  the  course  of  the  day.  Nevertheless,  the  charts 
show  a  very  clear  trend  and  a  general  mean  level  about  which  the 
blood  concentration  fluctuated.  When  these  thyroidectomized 
bitches,  however,  were  subsequently  subjected  to  bilateral  removal 
of  the  ovary,  the  blood  level  decreased  markedly,  as  shown  in  Fig.  2 1 . 
Indeed  it  dropped  to  about  0.25  mg.  per  cent,  a  concentration  slightly 


Fig.  21.  A  marked  change  in  blood  iodine  (under  the  circumstances  described)  oc¬ 
curred  in  the  male  after  thyroidectomy,  but  not  in  the  female  until  both  ovary  and 
thyroid  were  extirpated.  For  comparison  with  Figs.  19  and  20. 

From:  H.  J.  Perkin  and  B.  R.  Brown,  Endocrinology,  22:  541.  1938. 

under  that  of  the  thyroidectomized  males.  It  is  difficult  to  escape 
the  conclusion  pointed  out  by  Perkin  and  Brown  that  in  the  female 
dogs  the  presence  of  the  ovary  was  able  to  compensate  to  a  consider¬ 
able  extent  for  lack  of  thyroid. 

When  the  iodine  content  of  all  the  tissues  of  these  animals  was 
analyzed,  as  shown  in  Table  33,  it  became  clear  that,  next  to  the 
thyroid,  the  ovary  had  the  highest  concentration  of  any  tissue. 

As  regards  the  qualitative  nature  of  the  iodine  in  the  ovary, 
further  work  is  needed.  This  problem  was  attacked  by  Carter, 
who  studied  the  ripe  ovaries  of  Echinus  esculentus.  He  applied 
the  method  of  Harington  and  Randall  227  to  the  tissue  and  was 
unable  to  detect  any  considerable  “T”  fraction.  The  percentage  of 
apparent  thyroxine-like  iodine  actually  was  only  about  o.on  to 
0.017  per  cent  of  crude  thyroxine-like  material.  On  the  other  hand, 
with  an  extract  of  the  organ,  he  was  able  to  influence  definitely  the 
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metamorphosis  of  tadpoles.  The  possibility  remains,  therefore,  that 
even  if  thyroxine  is  not  present  combined  in  the  tissue  as  such,  a 
derivative  of  thyroxine  may  be  present.  Inasmuch  as  the  ovarian 
iodine  tends  to  fall  after  thyroidectomy,  it  would  be  reasonable  to 
guess  the  ovary  contains  a  specific  form  of  iodine  related  to  the  thyroid 

which  it  extracts  from  the  circulation. 

Ovarian  Cycle  and  Iodine  Metabolism.  The  concentration  of 
blood  iodine  has  been  studied,  through  the  ovarian  cycle,  by  several 
investigators,  among  them  Jahn  and  Kesselkaul  “<’'5  and  Leipert. 

TABLE  33 

Iodine  Content  of  Tissues  of  Dogs  Receiving  Iodine  Daily 


Mg.  of  Iodine  Per  Cent  (Wet  Tissue) 


A1 

B2 

C3 

D4 

Thyroid  . 

.  18.3 

27.6 

31.2 

34-6 

Kidney  . 

.  0.21 

O.3I 

0.35 

0-43 

Liver  . 

.  0.16 

O.42 

0.38 

0-33 

Lung . 

.  0.21 

0-34 

0.29 

0-37 

Heart  muscle . 

.  0.24 

0-33 

0.32 

0.30 

Adrenal  . 

.  0.19 

0.52 

0.41 

0.29 

Ovary . 

0-43 

0.66 

.  .  . 

0.63 

Testis . 

.  .  • 

0.36 

... 

Bile . 

.  0.20 

0.28 

0.27 

0.26 

Blood  . 

.  0.24 

0.36 

0.42 

0.46 

Feces  . 

.  0.20 

Intestine  . 

.  0.18 

*  Animal  A  received  iodine  daily  for  i  month. 

2  Animal  B  received  iodine  daily  for  4  months. 

3  Animal  C  received  iodine  daily  for  7  months. 

*  Animal  D  received  iodine  daily  for  1 2  months. 

From:  H.  J.  Perkin  and  B.  R.  Brown,  Endocrinology,  22:  542.  1938. 

In  general,  there  seems  to  be  a  definite  rise  in  blood  iodine  at  the 
onset  of  menstruation,  amounting  to  about  25  or  30  per  cent  of  the 
normal.  Occasionally  the  absolute  level  may  exceed  20  gamma  per 
cent,  but  this  is  unusual.  This  rise  is  variable;  the  level  on  the 
average  is  20  or  25  gamma  per  cent  (Scheringer),483  although  Maurer 
and  Diez  372  and  Leipert 310  have  found  values  as  high  as  1 10  gamma 
per  cent.  At  the  same  time  urinary  iodine  excretion  is  increased 
(Cole  and  Curtis),93  and  the  basal  metabolic  rate  rises.  As  described 
in  another  chapter,  this  increase  may  be  more  than  double  in  women 
suffering  from  thyrotoxicosis,  but  apparently  it  does  not  occur  in 
neurasthenia  or  related  conditions.  As  found  by  Jahn  and  Kessel- 
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kaul,~  the  menstrual  blood  may  contain  from  42  to  113  gamma  per 
cent,  possibly  through  concentration  of  the  escaping  fluid.  Before 
menstruation  ceases  the  blood  iodine  concentration  becomes  normal, 
and  is  maintained  at  a  normal  level  until  menstruation  again  occurs. 
At  the  onset  of  the  menopause  there  is  a  tendency  toward  an  in¬ 
creased  blood  iodine  concentration,  as  described  by  Cucco.110  He 
found  that  there  was  a  slight  increase  in  blood  iodine  early  in  the 
menopause,  which  tended  to  subside  after  several  months.  That  is, 
whereas  his  level  for  women  between  20  and  35  years  of  age  was 
less  than  10  gamma  per  cent,  36  out  of  40  cases  at  the  climacteric 
had  values  ranging  from  10  to  22  gamma  per  cent.  He  found,  fur¬ 
thermore,  that  after  the  injection  of  ovarian  extracts  for  two  or  three 
weeks  the  blood  iodine  level  might  drop  from  about  20  gamma  per 


TABLE  34 

The  Behavior  of  Blood  Iodine  Following  Ovariectomy  in  Young 

and  Old  Bitches 


Blood  Iodine,  7  % 

Eefore 

ovariectomy 

After  ovariectomy 

I 

week 

2 

weeks 

3 

weeks 

4 

weeks 

Bitch,  young  7.8  kg. 

10. 0 

20 

11 

8 

n-5 

Bitch,  young  7.3  kg. 

8.5 

20 

6.5 

7 

7-5 

Bitch,  old  15  kg.  .  . 

.  12.8 

13 

7 

8 

9 

Bitch,  old  10  kg.  .  . 

12.8 

13 

13 

8 

6-5 

After:  M.  Franke  and  L.  Ptaszek,  Compt.  rend.  Soc.  de  biol.  114 :  1129.  1933. 


cent  to  about  15  gamma  per  cent,  i.e.,  his  normal  value.  By  contrast, 
cases  without  any  increase  in  blood  iodine  above  the  normal  level 
failed  to  show  any  effect  from  ovarian  extract.  Within  a  few  months 
this  slight  rise  in  blood  iodine  had  disappeared.  Indeed,  if  one  finds 
abnormal  blood  iodine  after  approximately  six  months,  it  is  sug 
gested  that  some  other  condition  exists.  Likewise,  Jahn  and  Kessel- 
kaul  263  found  an  average  increase  in  blood  iodine  of  about  15  per 
cent  above  the  normal  during  the  first  year  of  amenorrhea. 

It  is  altogether  likely  that  this  menopausal  increase  in  blood 
iodine  reflects  increased  activity  of  the  thyroid  produced  through 
the  anterior  pituitary,  which  at  this  time  secretes  thyrotropic  hor¬ 
mone  in  excess.  Indeed,  Loeser  337  found  in  guinea  pigs  that  in  the 
first  two  or  three  weeks  after  removal  of  the  ovaries  there  was  an 
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augmented  production  and  secretion  of  thyrotropic  hormone.  ^En¬ 
tirely  consistent  results  were  obtained  by  Franke  and  Ptasze 
young  bitches  from  which  the  ovaries  were  removed  in  acute  ex¬ 
periments.  As  shown  in  Table  34,  taken  from  their  work,  a  marked 
increase  in  blood  iodine  was  noted  within  the  first  week.  Within 
three  weeks  the  level  was  back  to  normal  and,  indeed,  later  dropped 
below  the  initial  level.  In  old  bitches  whose  ovaries,  of  course,  were 
already  nonfunctional,  no  such  increase  in  blood  iodine  occurred. 
Franke  and  Ptaszek  pointed  out  that  there  was  a  parallel  rise  and 
fall  in  basal  metabolism  simultaneously.  Thus  these  experiments 
constitute  a  good  example  of  the  influence  of  the  ovary  upon  the 


pituitary-thyroid  axis  described  in  Chapter  VI. 

Ovarian  Cycle  and  Iodine  Excretion.  During  menstruation  the 
iodine  excretion  is  increased,  as  shown  by  Cole  and  Curtis.9'’ 
The  iodine  so  lost  in  the  urine  does  not  conform  precisely  to  the 
onset  of  menstruation,  but  in  general  it  tends  to  be  increased  by  about 
15  per  cent  during  the  week  of  the  menses.  In  addition,  of  course, 
there  is  a  concomitant  loss  of  iodine  in  the  menstrual  blood,  as 
mentioned  on  the  preceding  page. 

Pregnancy.  It  has  long  been  known  that  pregnancy  increases  the 
demand  for  iodine  and  in  consequence  may  produce  goiter  in  regions 
where  the  iodine  supply  is  low.  It  is  not  surprising,  therefore,  to 
interpret  the  following  results  of  Bokelmann  and  Scheringer  485  as 
evidence  of  this  increased  demand.  They  found  that  nearly  all  cases 
of  pregnancy  show  a  detectable  rise  within  three  months,  and  this 
increases  to  a  peak  at  the  seventh  month.  From  that  time  on,  the 
iodine  concentration  in  the  blood  is  maintained  at  the  increased  level 
until  shortly  after  delivery.  There  is  considerable  variation  in  the 
blood  iodine  during  pregnancy,  but  many  cases  show  blood  iodine 
as  high  as  20  or  30  gamma  per  cent  late  in  the  course  of  gestation. 
After  delivery  the  hyperiodemia  rapidly  diminishes  so  that  many 
cases  have  normal  blood  iodine  within  two  to  six  weeks.  In  female 
goats  Leitch  314  found  a  hyperiodemia  in  heat,  but  normal  levels 
during  gestation  until  just  before  parturition,  when  hyperiodemia 
recurs.313  More  data  are  needed  on  this  problem. 

The  blood  from  the  umbilical  vein  also  has  been  analyzed,  and 
in  general  tends  to  be  nearly  normal,  i.e.,  lower  than  the  blood  of 
the  mother,  in  whom  definite  hyperiodemia  occurs  near  the  end 
of  pregnancy.310  Characteristic  values  were  10  to  19  gamma  per 
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cent.  A  small  percentage  of  cases  range  higher,  namely,  according 
to  \  eil  and  Sturm,  00  from  19  to  55  gamma  per  cent. 

As  will  be  discussed  in  the  chapter  on  iodine  balance,  there  tends 
to  be  increased  iodine  elimination  during  pregnancy  in  spite  of  a  poor 
iodine  intake.  This  paradoxical  result  reminds  one  somewhat  of 
the  abnormally  high  nitrogen  elimination  found  by  Weech  569  in 
Chinese  who  were  living  on  an  inadequate  protein  diet.  Naka¬ 
mura  °4, 4l) '  found  increased  urinary  iodine  in  pregnant  women,  as 
did  Scheringer.486  In  general,  there  would  seem  to  be  increased 
thyroid  secretion  during  pregnancy.487  Thyroid  hyperplasia  is 
an  accepted  concomitant  finding,  and  Schmelling  498  found  that 
histopathological  changes  in  the  thyroid  could  be  prevented  by 
feeding  iodine  to  pregnant  animals.  To  date,  however,  no  reliable 
evidence  of  increased  thyroid  hormone  in  the  blood  is  available. 

Thyroid  and  Ovary 

The  precise  physiological  mechanism  by  which  these  changes  in 
iodine  metabolism  are  produced  is  by  no  means  clear.  It  is  known 
that,  in  animals,  injections  of  theelin  195  or  progesterone  in  high 
dosage  result  in  marked  physiological  changes  in  the  thyroid.268 
Conversely,  Scheringer  486  showed  that  in  white  rats  removal  of  the 
ovary  is  followed  by  a  relative  increase  in  the  thyroid  iodine.  Within 
a  little  over  a  month  the  concentration  in  the  gland  increases  to  24 
mg.  per  cent,  in  contrast  to  17  mg.  per  cent  in  the  control  ani¬ 
mals.  Much  of  this  apparent  increase  in  concentration  is  due  to 
functional  atrophy  of  the  tissue  rather  than  to  decrease  in  the  total 
amount  of  iodine.  This  result,  however,  represents  the  end  phase 
of  a  thyroid  readjustment,  because,  as  Loeser  337  has  shown,  im¬ 
mediately  after  removal  of  the  ovary  there  is  transitory  histological 
evidence  of  thyroid  hyperfunction.  Indeed,  Aron  and  Benoit 20 
believe  that  castration  not  only  increases  the  secretion  by  the  pitu¬ 
itary  of  more  gonadotropic  hormone,  but  also  of  thyrotropic  hor¬ 
mone.  This  “shotgun”  reaction  of  the  pituitary  has  been  mentioned 
in  Chapter  VI.  Furthermore,  these  authors  gave  to  guinea  pigs  a 
mixture  of  thyrotropic  hormone  and  estrin  simultaneously.  As 
compared  with  control  animals  receiving  thyrotropic  hormone  alone, 
the  effect  of  the  thyrotropic  preparation  was  diminished  by  the 
estrin;  in  the  dosage  used,  estrin  alone  had  no  effect  on  the  thyroid. 

It  has  been  found  by  Chouke,  Friedman  and  Loeb  86  that  in  the 
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female  guinea  pig  mitotic  activity  in  the  thyroid  epithelium  increases 
during  the  lutein  phase  and  reaches  a  minimum  subsequently  during 
the  follicular  phase.  In  some  animals  there  is  a  decrease  in  iodine 
content  during  estrus  and  an  increase  during  intervallum,  as  would 
be  suspected  from  the  parenchymatous  softening  of  the  thyroid 
during  estrus,  with  engorgement  of  the  blood  vessels..  Long  ago, 
Kocher  287  found  that  the  iodine  content  of  the  thyroid  decreases 
during  pregnancy.  This  presupposes,  of  course,  that  no  unusual 
supply  of  iodine  is  available  during  gestation.  There  seems  to  be 
no  question  that  the  gland  is  hyperplastic  during  pregnancy,  and 
that  this  hypertrophy  or  hyperplasia  can  be  suppressed  in  large 
measure,  as  judged  by  histopathological  examination,  through  the 
feeding  of  iodine  to  animals  during  pregnancy,  as  reported  by 
Schmelling  498  (1934).  The  actual  concentration  of  circulating  thy¬ 
roid  hormone  in  the  blood  of  pregnant  women  is  still  open  to 
question,  and  this  problem  will  not  be  settled  finally  until  adequate 
methods  for  measuring  hormonal  iodine  have  been  developed.  It 
seems  likely  that  the  total  organic  iodine  in  the  blood  of  mothers  is 
increased,  but  it  is  by  no  means  clear  that  this  represents  true  cir¬ 
culating  hormone.  On  the  basis  of  histological  examination,  some 
authors  claim  hypothyroidism  during  pregnancy,  whereas  others 
report  hyperthyroidism;  and  attempts  to  measure  the  thyroid 
hormone  17  in  the  blood  by  biological  tests  have  been  unsatisfactory. 
It  remains  clear,  however,  as  shown  by  Marine,  Cipra,  and  Hunt,357 
that  the  increased  metabolism  which  occurs  normally  during  preg¬ 
nancy  in  rabbits  depends  upon  the  presence  of  the  thyroid.  It  is 
also  clear  that  after  complete  removal  of  the  thyroid  the  animals  do 
not  lactate;  likewise  it  seems  probable  that  in  the  absence  of  the 
thyroid  the  normal  preliminary  hypertrophy  of  the  mammary  gland 
as  a  prelude  to  lactation  fails  to  occur.  Immediately  after  ovariec¬ 
tomy,  Franke  and  Ptaszek  183  found  a  rise  in  blood  iodine,  together 
with  a  rise  in  metabolism  as  already  noted.  Beginning  in  the  second 
week,  the  hyperiodemia  decreased  to  the  normal  level  in  a  month’s 
tirne.  The  metabolism  also  fell.  No  such  effect  was  found  in  old 
bitches,  presumably  postmenopausal.  Loeser  337  showed  that  the 
effect  is  through  the  anterior  pituitary,  which  produces  increased 
amounts  of  tropic  hormone,  —  for  18  to  19  days  in  guinea  pigs. 
This  temporary  phenomenon,  however,  cannot  explain  protracted 
eiiects  on  iodine  metabolism  in  normal  animals. 
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As  might  be  expected,  the  injection  of  theelin  or  progesterone 
produces  changes  in  the  thyroid.208  Nathanson  and  Rawson 406 
believe  these  to  be  secondary  to  a  generalized  stimulation  of  the 
pituitary  in  “shotgun,”  nonspecific  fashion.  Curiously  enough, 
however,  Karp  and  Kostkiewicz  found  an  accumulation  of  colloid, 
distending  the  follicles  and  causing  flattening  of  the  follicular  cells! 
Less  marked  effects  were  found  by  Giedosz  190  after  the  injection 
of  progesterone.  This  seeming  antagonistic  effect  of  estrin  has 
been  described  also  by  Starr.  ’18  These  results  are  hard  to  reconcile 
with  Scheringer’s  observation  480  that  these  hormones  produce 
hyperiodemia. 

Nevertheless,  in  the  course  of  the  sexual  cycle  definite  changes 
occur  in  iodine  metabolism.  During  estrus  there  is  404- 405  a  de¬ 
creased  iodine  content  in  the  rat’s  thyroid.  Chouke,  Friedman,  and 
Loeb’s  80  finding  that  guinea  pigs’  thyroids  show  increased  mitotic 
activity  during  the  lutein  phase,  but  decreased  mitosis  in  the 
follicular  phase  harmonizes  with  Nakamura’s  iodine  analyses.404 

Reciprocal  Thyro-Ovarian  Relationships.  In  short,  there  are 
complicated  interrelationships  between  ovarian  function  and  the 
pituitary-thyroid  axis.  Conversely,  thyroid  function  seems  to  have 
certain  reciprocal  effects  upon  the  pituitary-ovarian  axis.  Without 
more  precise  methods  for  measuring  the  actual  concentration  of 
various  tropic  hormones  and  end-organ  hormones  in  the  blood,  it 
remains  difficult  to  assess  the  relative  importance  of  the  various 
interpolated  possibilities.  It  probably  remains  possible  for  three 
general  types  of  interrelationship  to  occur  between  the  thyroid  and 
the  ovary,  namely,  ( a )  a  peripheral  sensitization  of  the  tissues  by 
thyroid  hormone  to  ovarian  hormone,  and  vice  versa;  ( b )  an  effect 
of  the  thyroid  on  the  pituitary-ovarian  axis,  or  vice  versa;  and 
( c )  an  indirect  effect  upon  other  glands,  e.g.,  the  thyroid  may 
stimulate  the  adrenal  cortex  and  so  influence  sex  activity. 

Effects  on  the  Pituitary-Ovarian  and  Pituitary-Thyroid  Axes.  At 
least  a  portion  of  the  influence  of  the  thyroid  hormone  on  ovarian 
function  is  translated  through  the  pituitary-ovarian  axis;  and, 
conversely,  some  of  the  effects  of  sex  hormones  on  the  thyroid,  if 
not  most  of  them,  are  translated  through  the  pituitary-thyroid  axis. 

As  evidence  of  antagonism  between  theelin  and  the  pituitary- 
thyroid  axis,  Cramer  and  Horning 108  reported  that  injection  of 
extracts  containing  the  thyrotropic  hormone  prevented  the  charac- 
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teristic  effects  of  the  prolonged  administration  of  theelin  to  mice. 
Among  these  effects  were  (a)  the  spontaneous  development  of  mam¬ 
mary  carcinoma;  ( b )  enlargement  of  the  mammary  gland  in  male 
mice,  and  (c)  certain  characteristic  histological  changes  in  the 
anterior  pituitary,  e.g.,  disappearance  of  oxyphilic  granules  to¬ 
gether  with  vascular  congestion.  Conversely,  Franck  18_  found  that 
after  the  injection  of  huge  doses  of  theelin  into  guinea  pigs,  their 
thyroid  glands  were  found  to  be  “quiescent”  on  histological  exami¬ 
nation.  Apparently  there  is  a  time  element  in  this  reaction  because 
Amilibia,  Mendizabal,  and  Botella-Llusia  14  found  that  at  first  young 
male  albino  rats  showed  increased  thyroid  activity  histologically 
when  large  doses  of  theelin  were  injected  for  five  days.  Subse¬ 
quently,  the  thyroids  reverted  to  a  state  of  complete  quiescence,  a 
reversal  which  was  thought  to  be  due  to  altered  pituitary  activity. 

Variations  in  iodine  balance  have  corroborated  findings  that 
thyroidal  mitotic  activity  was  greatest  during  the  ovarian  luteal 
phase,  and  lowest  during  the  follicular  phase;  and,  in  general,  the 
thyroids  of  female  animals  were  more  active  histologically  than 
those  of  males.  Similarly,  the  pigeon’s  thyroid  appears  more  active 
(histologically)  at  times  of  sexual  activity  and  ovulation.  458>367 

Direct  Thyro-Ovarian  Interaction.  There  seem  also  to  be  a 
number  of  reciprocities  between  thyroid  and  ovary  which  may  in 
part  involve  peripheral  action.  For  example,  increase  in  thyroid 
hormone  within  an  organism  tends  to  increase  gonadal  activity. 
Graham  204  has  demonstrated  an  increase  in  the  production  of  milk 


by  cows  after  thyroid  feeding,  as  well  as  increased  concentration  of 
the  fat  in  milk.  Likewise  hens  receiving  thyroid  medication  lay 
more  eggs  than  the  controls  receiving  no  medication.578  Similarly, 
hypothyroidism 281  may  be  the  cause  of  abortion,  especially  of 
“missed”  variety,  and  Foster  and  Thornton  181  have  used  thyroid 
m  the  treatment  of  menstrual  irregularity  with  considerable  success 
in  certain  groups  of  cases.  Indeed,  clinicians  have  recognized  for  a 
long  time  that  menorrhagia  is  characteristic  in  developing  myxedema 
up  to  the  point  that  the  full-blown  condition  has  existed  for  so  lon^ 
t  at  body  tissues  in  general  are  grossly  abnormal;  at  this  advanced 
stage  the  menses  cease.  Conversely,  women  suffering  from  hyper¬ 
thyroidism  usually  report  oligorrhea  or  amenorrhea.  At  the  present 
tune  it  is  far  from  clear  how  these  effects  are  produced.  Perhaps  they 
result  from  the  speeding  up  of  the  metabolism  of  endocrine  tissue, 
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in  consequence  of  the  greater  accumulation  of  organic  iodine- 
containing  material  within  the  gland,  as  reported  in  Chapter  VI. 
Perhaps,  however,  they  are  the  result  of  indirect  intervention  of 
other  glands;  for  example,  increase  in  the  circulating  thyroid 
hormone  leads  to  hypertrophy  of  the  adrenal  cortex,  and  this  latter 
gland  is  known  to  act  synergistically  with  the  ovary.  Similarly, 
Membrives  39~  studied  the  ability  of  implants  of  the  anterior  pitu¬ 
itary  into  immature  rats  to  produce  vaginal  canalization  through 
ovarian  stimulation,  and  found  that  this  effect  was  augmented 
by  feeding  thyroid  and  diminished  after  excision  of  the  thyroid 
gland. 

As  more  conclusive  evidence  of  this  direct  effect,  the  experiments 
of  Tyndale  and  Levin  553  may  be  cited.  They  studied  the  response 
in  the  weight  of  ovaries  (a)  in  normal  rats,  (b)  in  hypophysecto- 
mized  rats,  and  (c)  in  hypophysectomized  immature  rats  which  were 
treated  with  thyroxine,  when  these  animals  were  all  injected  with 
urine  derived  from  patients  at  the  menopause.  Of  course  such  treat¬ 
ment  usually  produces  marked  stimulation  of  ovarian  follicles  in 
consequence  of  the  high  concentration  of  gonadotropic  hormone  in 
such  urine.  Surprisingly  enough,  the  simultaneous  injection  of  thy¬ 
roxine  markedly  decreased  this  response.  These  striking  results,  ob¬ 
tained  in  hypophysectomized  animals,  indicated  that  the  inhibiting 
action  of  the  thyroid  was  a  peripheral  one,  not  involving  the  pituitary 
gland.  As  further  evidence  of  the  direct  effect  may  be  cited  the  ob¬ 
servation  of  Gessler,194  who  studied  the  influence  of  theelin  on  the 
basal  metabolic  rate.  He  showed  that  this  ovarian  hormone  can 
decrease  the  basal  metabolic  rate  both  of  normal  guinea  pigs  and 
of  hypophysectomized  rats.  This  result  he  attributed  to  a  direct 
antagonism  between  theelin  and  the  thyroid  hormone. 

Interestingly  enough,  Starr  and  Patton  517  have  reported  remis¬ 
sions  in  human  hyperthyroidism  induced  by  the  administration  of 
extracts  of  pregnancy  urine  as  well  as  of  the  pure  follicular  hormone. 
Although  these  clinical  responses  seem  indubitable,  they  may  be 
interpreted  either  (a)  on  the  basis  of  a  direct  thyro-inhibitory 
action  by  theelin,  or  ( b )  as  the  result  of  suppression  of  the  secretion 
of  thyrotropic  hormone  by  the  pituitary,  just  as  Moore  and  Price 
found  that  an  excess  of  gonadal  hormone  would  suppress  the  produc¬ 
tion  of  gonadotropic  hormone.  Ordinarily  there  is  little  evidence 
that  physiological  concentrations  of  female  sex  hormone  affect  thy- 
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roid  status.  Thus  the  administration  of  theelin  to  normal  dogs 
has  no  effect  whatever  303  on  the  metabolic  rate;  and  there  is  no 
conclusive  evidence,  on  the  other  hand,  that  castration  produces 
either  hyperthyroidism  or  hypothyroidism  of  any  considerable 

duration. 


CHAPTER  VIII 


NEUROLOGICAL  INFLUENCE 

In  nearly  every  case  of  Graves’  disease,  an  extended  discussion 
sooner  or  later  raises  the  issue  as  to  how  much  of  the  symptomatol¬ 
ogy  is  due  to  the  nervous  system  and  how  much  to  strictly  endocrino¬ 
logical  chemical  action.  The  reason  for  the  confusion  which  exists 
about  this  point  is  fundamental,  namely,  that  it  has  not  yet  been 
elucidated  exactly  what  relation  the  nervous  system  and  the  thyroid 
hormone  have  to  each  other.  The  problem  is  at  least  twofold, 
because  it  involves,  first,  the  influence  of  the  thyroid  hormone  upon 
the  action  of  nervous  tissue,  and,  secondly,  the  action  of  nervous  im¬ 
pulses  of  one  type  or  another  directly  upon  the  action  of  the  thyroid 
or  indirectly,  upon  the  pituitary-thyroid  axis.  Until  recently  the 
latter  point  has  been  particularly  obscure,  but  at  the  moment  it 
seems  possible  to  take  a  more  optimistic  viewpoint  and  to  believe 
that  we  are  now  gaining  a  considerable  insight  into  the  elucidation 
of  both  of  these  points. 

Action  of  Thyroid  Hormone  on  the  Nervous  System 

There  now  seems  to  be  no  question  that  the  thyroid  hormone  in¬ 
creases  the  activity  of  the  nervous  system  (and  its  component  tissue), 
and  quickens  reflex  responses  and  irritability  throughout  the  nervous 
system  as  a  whole.  Clinicians  have  long  recognized  this  fact,  noting 
the  vivacity  of  the  mildly  hyperthyroid  individual  and  employing 
mild  doses  of  thyroid  hormone  to  quicken  the  metabolism  of  in¬ 
dividuals  in  whom  sluggishness  was  a  main  feature.  In  the  last 
decade  strictly  scientific  evidence  has  been  accumulated  to  justify 
the  empirical  conclusions  of  physicians.  For  example,  Cohen  and 
Gerard  90  have  studied  carbohydrate  metabolism  of  brain  tissue  and 
demonstrated  that  surviving  slices  of  brain  tissue  had  an  increased 
oxygen  consumption  as  compared  with  the  control  tissues.  A  typical 
experiment  of  Cohen  and  Gerard  may  suffice  to  illustrate  the  gen 
eral  technique.  Rats  were  fed  0.6  gram  of  desiccated  thyroid  each 
day  for  nearly  three  weeks.  They  were  then  killed,  the  brains  re¬ 
moved  and  the  cerebral  tissue  converted  into  a  finely  minced  paste. 
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This  “brei”  was  suspended  in  a  phosphate  Ringer’s  solution  in  War¬ 
burg’s  apparatus  at  37°C.,  and  the  rate  of  its  oxygen  consumption 
was  measured.  After  two  hours  the  respiratory  rate  had  become 
constant  and  certain  substrates  of  carbohydrate  nature  were  added, 
the  respiratory  rate  was  then  measured  for  another  hour  and  one-half. 

These  experiments  showed  that  the  rate  of  oxidation  of  hyper¬ 
thyroid  brain  tissue  was  initially  greater  by  20  per  cent  than  that  of 
normal  brain.  Such  tissue,  however,  became  exhausted  more  rapidly 
than  did  the  normal  brain  as  time  went  on.  Certain  substrates  could 
then  be  added  to  the  solution  and  it  was  found  that  they  increased 
the  respiration  of  hyperthyroid  brain  tissue  about  four  times  as  much 
as  they  increased  that  of  normal  brain;  among  such  substances  were 
succinate,  fructose,  lactate  and  glucose.  These  experiments  sug¬ 
gested  that  in  the  hyperthyroid  nervous  system  certain  enzyme 
systems  were  activated  or  “enhanced.”  Thus,  one  has  a  chemical 
basis  for  presuming  increased  activity  of  the  nervous  system  in 
hyperthyroidism.  This  increased  irritability  is  apparently  related 
to  enzymes  which  prepare  substrates  of  carbohydrate  nature  for 
oxidation. 

With  the  advent  of  electro-encephalography,  furthermore,  it  has 
been  possible  to  verify  the  fact  that  the  brain  as  a  whole  in  vivo 
has  an  inherently  greater  activity  in  the  hyperthyroid  than  in  the 
normal  individual;  and,  indeed,  a  lower  inherent  activity  in  the 
hypothyroid  state.  For  example,  Ross  and  Schwab  463  have  studied 
the  cortical  alpha-rhythm  in  thyroid  disorders  and  found  that, 
whereas  the  normal  alpha-rhythm  is  10  per  second,  that  in  Graves’ 
disease  may  be  as  high  as  14,  and  that  in  myxedema  as  low  as  6  per 
second.  Similarly,  the  normal  reaction  time  is  about  0.23  second, 
whereas  in  hyperthyroidism  it  may  be  as  low  as  0.2  second  and  in 
myxedema  as  high  as  0.5  second. 

A  generation  ago  Oswald  422  called  attention  to  this  so-called  “ex¬ 
quisite  manner”  of  increasing  nerve  tone  possessed  by  thyroid  hor¬ 
mone.  This  increased  tone  is  evident  not  only  in  the  brain  and  other 
parts  of  the  central  nervous  system,  but  is  also  apparent  in  the 
vegetative  nerves,  as  evidenced  by  increased  vasomotor  action  and 
peristalsis  of  viscera.  Of  course  in  hypothyroidism  the  reverse  is  true 

A  great  deal  more  evidence  could  be  added  to  the  experiment 
just  cited,  showing  that  in  hyperthyroidism  the  nervous  system  is 
hyperactive  and,  in  hypothyroidism,  sluggish.  These  observations 
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however,  do  not  directly  concern  iodine  metabolism,  because  appar¬ 
ently  they  simply  reflect  the  presence  of  increased  thyroid  hormone. 
There  is  some  pharmacological  evidence  that  high  concentrations  of 
iodide  do  suppress  nerve  irritability,  much  as  bromide  does.  Indeed, 
this  phenomenon  has  been  utilized  in  epilepsy  and  in  related  condi¬ 
tions.  It  is  much  less  effective  than  bromide,  however,  and  certainly 
belongs  in  the  realm  of  pharmacology  rather  than  physiology,  nor¬ 
mal  or  pathological.  The  evidence  just  cited  is  given  here  merely  to 
show  that  a  good  deal  of  confusion  may  arise  from  the  finding  of  a 
hyperactive  nervous  system  in  association  with  hyperthyroidism. 
The  observer  is  never  quite  sure  whether  the  nervous  activity  is  cause 
or  effect.  Does  the  hyperactive  nervous  system  stimulate  the  thyroid 
to  increased  activity?  This  brings  us  to  our  second  and  more  cogent 
problem. 

Action  of  the  Nervous  System  upon  the  Thyroid 

Before  proceeding  to  consider  whether  or  not,  or  to  what  extent, 
the  nervous  system  influences  the  thyroid,  it  must  be  made  clear 
that  the  problem  is  not  merely  a  neurological  one.  The  more  impor¬ 
tant  problem  perhaps  is  to  what  extent  the  nervous  system  may  con¬ 
trol  the  pituitary-thyroid  axis.70  The  problem  becomes  multiple, 
because  in  a  given  case  of  hyperthyroidism  one  might  have  at  least 
two  possibilities,  namely,  increased  stimulation  of  the  thyroid  di¬ 
rectly  by  increased  activity  of  sympathetic  nerves;  or,  secondly, 
increased  stimulation  of  the  pituitary  by  the  nervous  system  with 
resulting  increased  secretion  of  thyrotropic  hormone,  which  in  turn 
would  lead  to  increased  thyroidal  activity.  The  multiplicity  of  path¬ 
ways,  neural  and  humoral,  by  which  the  thyroid  may  be  stimulated 
has  been  appreciated  in  recent  years  and  led  to  the  widespread  use 
of  the  term  “neurohumoral”  mechanisms.  Fig.  22  illustiates  such 
relationships.  Thus  the  problem  of  thyroid  stimulation  becomes 
quantitative  rather  than  qualitative;  that  is,  in  analyzing  the  neuro¬ 
humoral  mechanism  which  obviously  controls  the  thyroid,  the  essen¬ 
tial  point  is  to  distinguish  the  relative  influence  which  each  of  these 
two  members  plays  in  the  final  result,  and  to  decide  to  what  extent 
they  act  independently  and  to  what  extent  as  part  of  a  coordinate 

SyACs  more  data  accumulate  on  this  question,  the  importance  of  the 
thyrotropic  hormone  as  the  final  common  path  by  which  mtrinsical  y 
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nervous  activity  is  impressed  upon  the  thyroid  becomes  more  and 
more  impressive.  Indeed,  granted  that  the  hypothalamus  is  the  seat 
of  coordination  of  emotional  tone,  it  is  becoming  apparent  that  both 
the  sympathetic  nervous  system  and  the  endocrine  system  are  uti- 


Fig.  22.  The  innervation  of  the  pituitary  body. 

Band,  opt.:  optic  tract;  Carot.:  carotid  artery;  Chaine  lat .:  cervical  sympathetic; 
Cps.  mam.:  mammillary  body;  Gg.  cerv.  sup.:  superior  cervical  ganglion;  Lobe  ant.: 
pars  glandularis;  Lobe  int.:  pars  intermedia;  Moelle  cerv  .-dors.:  cervico-thoracic  portion 
of  spinal  cord;  Ff:  third  ventricle;  Vtf:  fourth  ventricle;  Tuber:  tuber  cinereum. 

(r)  Amygdalo-tangential*  tract  (olfactory-pituitary  reflexes) .  ( 2 )  Retino-tangential* 
tract  (optico-pituitary  reflexes).  (3)  Pars  tuberalis.  (4)  Pathway  by  which  pituitary 
can  be  influenced  by  corpus  striatum  and  globus  pallidus.  (5)  Subependymal  net¬ 
work  of  sensory  nerves,  (d)  “Neurocrinie  hypophyso-hypothalamique.”  (7)  Islet  of 
glandular  cells  in  pars  neuralis.  ( 8 )  Tubero-hypophysial  tract,  (p)  Mammillo- 
ypothalamic  tract.  (10)  Thalamo-hypothalamic  pathways.  ( 11 )  Cortico-hypothala- 
mic  pathways.  ( 12 )  Decussation  of  descending  hypothalamic  pathways,  (rj)  Hypo- 
thalamico-hypophysial  tract.  ( 14 )  Zone  of  transition.  (15)  Central  sensory  pathways. 

♦Tangential  or  supraoptic  nucleus. 


After:  G.  Roussy  and  M.  Mosinger,  Presse  med.  44:  1521.  1936. 

PiniityartSRadriaPtCdi  by  H'  B,Jan  Dyke’  The  Physiol°gy  and  Pharmacology  of  the 
Pituitary  Body,  vol.  2,  p.  7,  Chicago,  Univ.  of  Chicago  Press,  1939 

warning.  As  pointed  out  in  the  text,  the  direct  hormonal  influence  of  hypothalamic 

centers,  indicated  by  <5,  has  been  excluded  by  the  work  of  Wislocki.  Furthermore  the 

pe  anatomical  relationships  are  somewhat  distorted  in  this  diagram,  as  if  the  horizon 
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lized  by  this  central  reflex  organ  to  control  bodily  processes.  The 
pituitary  is  situated  at  the  base  of  this  organ  and  nerve  fibers  run 
to  it  through  the  stalk  from  the  region  of  the  supra-optic  nuclei. 
This  pathway  leading  to  the  posterior  lobe,  as  shown  in  Fig.  23,  is 


Fig.  23.  Probable  neural  interrelationships  of  the  hypothalamus  and  pituitary  of 
the  monkey,  showing  the  location  of  lesions  (circumscribed  region  L)  which  produce 
diabetes  insipidus. 

IS:  stalk;  M:  mammillary  body;  OC:  optic  chiasm;  PA:  pars  glandularis;  PP.  pars 
neuralis;  PT:  pars  tuberalis;  SHT:  supraoptico-hypophysial  tract;  50:  supraoptic 
nucleus;  VM:  ventromedial  component  of  supraoptic  nucleus;  TC:  tuber  cinereum; 


THT:  tubero-hypophysial  tract. 

From:  W.  R.  Ingram,  C.  Fisher  and  S.  W.  Ranson,  Arch.  Int.  Med.  57:  1076.  1930- 
Key  as  adapted  by  H.  B.  van  Dyke,  The  Physiology  and  Pharmacology  of  the 
Pituitary  Body,  vol.  2,  p.  8,  Chicago,  Univ.  of  Chicago  Press,  1939-  ...  ,  , 

note:  For  a  precise  description  and  an  exhaustive  discussion  of  the  diencephalon, 
together  with  revised  terminology  pertaining  thereto,  see  “The  Hypothalamus  and 
Central  Levels  of  Autonomic  Function,”  Research  Publications,  Association  for  Nervous 
and  Mental  Disease,  volume  XX,  Williams  and  Wilkins  Company,  Baltimore,  1940. 
This  diagram  fails  to  show  nerve  fibers  leading  to  the  anterior  lobe.  As  discussed  in  the 
text,  this  question  is  still  sub  iudice  but  the  investigations  of  Brooks  and  Gersh,  and 
of  Hair  indicate  that  such  tracts  probably  exist. 


concerned  with  water  balance.  Heat  elimination  is  controlled  from 
sites  lying  between  the  optic  chiasm  and  the  anterior  commissure, 
i.e.,  in  the  supra-optic  (SO)  and  pre-optic  regions.  J.  C.  White  has 
discussed  in  detail  the  functional  aspects  of  these  hypothalamic 
centers  in  “The  Autonomic  Nervous  System,”  revised  second  edition, 
Macmillan,  1940-41.  Of  special  interest,  however,  is  the  region 


NEUROLOGICAL  INFLUENCE  l(>5 

above  the  mammillary  body  (M)  on  either  side,  about  the  paraven- 
tricular  nucleus. 

This  comprises  the  region  which  is  concerned  with  the  regulation 
of  heat  production,  as  shown  in  Fig.  23.  In  a  syndrome  like  exoph¬ 
thalmic  goiter,  the  precise  etiology  of  which  is  unknown  at  present, 
one  finds  many  manifestations  of  both  neural  and  hormonal  activity. 
In  addition,  one  finds  increased  irritability  of  the  nervous  system 
due  to  the  intense,  exquisite  stimulation  of  nerve  tissue,  to  use 
Oswald’s  phrase.  All  three  of  these  factors  must  be  considered  in 
evaluating  the  total  situation  in  Graves’  disease,  and  in  trying  to 
discern  cause  and  effect.  There  is  good  evidence  that  both  nerves 
and  hormones  may  thus  influence  iodine  metabolism,  but  the  precise 
pathways  and  sequence  of  events  still  remain  a  puzzle. 

Thyroid  Nerves.  There  is  much  work  in  the  literature  to  indicate 
that  the  thyroid  gland  receives  fibers  both  from  the  sympathetic  and 
the  parasympathetic  divisions  of  the  autonomic  nervous  system. 
The  first  type  of  fiber  is  derived  from  the  cervical  ganglia  and  the 
latter  from  the  vagus  nerve.  These  fibers  run  along  the  branches 
of  the  laryngeal  nerve  and  enter  the  parenchyma  of  the  gland  with 
the  blood  vessels.  In  recent  years  Nonidez  412  has  studied  the  thyroid 
nerves  in  the  dog  in  great  detail.  He  has  followed  both  sympathetic 
fibers  from  the  superior  cervical  ganglion  and  parasympathetic 
fibers  from  the  ganglion  nodosum  of  the  vagus  into  the  thyroid 
nerve,  which  is  a  branch  of  the  superior  laryngeal  nerve.  Ramifica¬ 
tions  of  the  last  named  enter  the  gland  along  with  the  superior 
arteries.  In  addition,  there  are  fibers  from  the  carotid  plexus  which 
penetrate  into  the  gland  within  the  coats  of  the  arteries.  There  are 
also  large  bundles  of  fibers  which  are  distributed  in  the  parenchyma 
apart  from  blood  vessels.  Within  the  gland  substance  are  collections 
of  ganglion  cells  resembling  the  parasympathetic  ganglia  found  in 
the  trachea  and  larynx.  In  addition,  there  are  occasional  ganglion 
cells  scattered  throughout  the  gland. 

Beside  the  nonmyelinated  end-fibers  of  the  two  branches  of  the 
autonomic  system,  there  are  also  myelinated  fibers,  some  of  which 
are  probably  sensory  fibers  conducting  afferent  impulses  into  the 
sympathetic  cerebrospinal  ganglia.  There  are  also  myelinated  fibers 
which  presumably  connect  with  the  thyroid  ganglion  cells  as 
pregangliomc  fibers  of  the  parasympathetic  system  from  the  medulla 
Although  these  fibers  form  complicated  plexuses  within  the  gland,' 
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there  is  no  definite  evidence413  that  they  connect  directly  with 
follicular  cells  lining  the  thyroid  follicle.  To  be  sure,  there  are  some 
free  interfollicular  endings,  but  these  are  probably  sensory,  accord¬ 
ing  to  Nonidez.412  Of  course  the  thyroid  has  a  rich  vascular  supply 
and  about  these  vascular  ramifications  nerve  endings,  both  sensory 
and  motor,  are  found  in  great  abundance.  Modell  390  has  described 
arteriovenous  communications  in  this  vascular  maze,  and  these  also 
are  well  supplied  with  nerve  endings.  Thus,  the  anatomical  evidence 
to  date  indicates  control  of  vascularity  rather  than  direct  paren¬ 
chymal  control  by  the  autonomic  nervous  system. 

The  influence  of  these  nerves  supplying  the  thyroid  has  long 
remained  obscure,  and  contradictory  answers  have  been  returned 
to  most  of  the  important  aspects  of  this  problem.  Much  of  the 
confusion  has  been  centered  about  this  question:  does  the  thyrotropic 
hormone  stimulate  the  thyroid  in  the  absence  of  sympathetic  nerve 
supply?  In  1930  Dobrzaniecki  and  Aron  122  said  no;  but  later 
Krayer  299  said  yes  in  vivo  and  Eitel,  Krebs,  and  Loeser  134  said  yes 
in  vitro.  Likewise,  Weil  (1936)  found  that  autogenous  thyroid 
transplants  respond  to  injections  of  thyrotropic  hormone.  Presum¬ 
ably,  thyrotropic  action  does  not  require  intact  nerve  pathways. 

In  addition  Van  Dyke  557  found  no  appreciable  changes  in  thy¬ 
roidal  iodine,  or  histological  picture  after  unilateral  stimulation  of 
the  sympathetic  nerve  supply  to  one  side  of  the  gland.  Likewise, 
Hektoen,  Carlson,  and  Schulhof  235  found  no  augmented  thyro- 
globulin  in  the  thyroid  vein  or  lymph  on  the  stimulated  side. 

In  1915  Cannon  and  his  coworkers 72  performed  the  Langley 
operation,  anastomosing  the  phrenic  nerve  with  the  distal  end  of 
the  cervical  sympathetic  trunk.  They  succeeded  in  producing  in 
four  cats  a  periodic  dilatation  of  the  pupil  of  the  eye  synchronous 
with  respiration.  Simultaneously  they  found  increased  oxygen  con¬ 
sumption  by  these  animals,  associated  with  generalized  nervousness, 
increased  loss  of  weight  and  changes  in  the  thyroid  consistent  with 
overactivity.  In  recent  years,  however,  Friedgood  and  Cannon  188 
have  concluded  that  the  thyroid  stimulation  found  in  these  early 
experiments  of  Cannon,  Binger,  and  Fitz  73  actually  took  place  by 
way  of  the  pituitary. 

More  recent  studies  by  Uotila 535  indicate  that  an  increase  or 
decrease  in  an  organism’s  thyroxine  level  acts  on  the  anterior  pitu¬ 
itary  without  any  mediation,  or  modifying  action  of  the  pituitary 
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stalk.  This  conclusion  seems  warranted  by  a  number  of  facts,  among 
which  are  the  following.  .When  thyroxine  is  given  to  male  rats  in 
daily  doses  of  5  mg.  per  kilogram,  marked  atrophy  of  the  thyroid 
ensues  within  10  days  whether  the  pituitary  stalk  be  intact  or 
severed.  Furthermore,  even  after  destruction  of  the  pituitary  stalk, 
residual  thyroid  tissue  is  still  capable  of  compensatory  hyperplasia. 
Of  course,  this  basic  thyrotropic  secretory  rhythm  possibly  is 
subject  to  regulation  by  nerve  impulses  arriving  from  the  hypo¬ 
thalamus  through  the  pituitary  stalk,  or,  to  a  lesser  degree,  by  way 
of  the  cervical  sympathetics. 

Revived  interest  in  the  autonomic  control  of  thyroid  function  has 
received  further  impetus  from  recent  observations  of  Friedgood 
and  Cannon,  who  in  two  of  28  cats  reproduced  the  syndrome  of 
Cannon,  Binger,  and  Fitz  by  unilateral  phrenico-sympathetic  anas¬ 
tomosis.  In  one  of  these  animals,  removal  of  the  ipsilateral  thyroid 
lobe  was  followed  by  a  moderate  but  progressive  decrease  in  the 
basal  metabolic  rate.  Indeed,  after  resection  of  the  anastomosis, 
the  basal  metabolic  rate  became  normal  within  10  days.  Many 
details  of  the  relationship  between  thyroid  and  the  autonomic  system 
remain  to  be  discovered.  For  example,  why  does  unilateral  exoph¬ 
thalmos  occur,  together  with  the  increased  metabolism  in  these 
animals?  Another  finding  which  also  raises  many  questions  is  that 
both  adrenine  and  pilocarpine  augment  the  thyroid-stimulating  activ¬ 
ity  of  an  anterior  pituitary  thyrotropic  extract.  In  short,  it  is 
already  clear  that  nervous  activity  may  regulate  thyroid  activity, 
but  the  mechanisms  are  obscure  because  of  anatomical  complexity 
and  because  increased  thyroidal  activity  reacts  upon  the  nervous 
system. 

Furthermore,  Smith  and  Moloy513  have  searched  for  changes  in 
the  size,  number,  and  shape  of  the  mitochondria  of  the  thyroid  cells 
after  stimulation  electrically  of  the  thyroid  nerves.  Although  they 
regard  this  test  as  a  good  indication  of  functional  activity,  they 
failed  to  find  any  such  evidence  after  the  nerve  stimulation.  There 
is  no  question,  however,  that  the  thyroid  nerves  do  bring  about 
marked  vasomotor  changes  within  the  gland,  affecting  its  volume 
and  its  circulation  on  the  basis  of  blood  flow.  Thus  Mason,  Marko¬ 
witz,  and  Mann  308  measured  the  volume  of  the  intact  thyroid  of 
dogs  in  a  plethysmograph ;  and  demonstrated  a  change  of  volume  as 
the  result  of  nerve  stimulation  and  also  after  administering  certain 
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drugs,  like  ephedrine,  pilocarpine  and  acetylcholine.  Thus  sympa¬ 
thetic  stimulation  caused  definite  vasoconstriction.  Similar  results 
were  described  by  Vogt.562 

Direct  Control  of  the  Thyroid 

In  a  brilliant  piece  of  research  recently  executed  by  Uotila,555  the 
reaction  of  the  thyroid  in  vivo  to  cold  was  used  as  the  means  of 
tracing  thyrotropic  and  sympathetic  stimulation.  In  order  to  meas¬ 
ure  the  activity  of  the  thyroid  directly,  the  average  cell  height  of 
the  thyroid  follicular  cells  was  measured  microscopically  with  an 
ocular  micrometer.  The  sections  were  fixed,  of  course,  in  the  usual 
histological  manner  so  that  the  data  which  are  to  be  summarized 
must  be  considered  relative,  although  the  figures  will  be  given  in 
terms  of  micra.  It  has  been  known  for  a  long  time  that  after  hypo- 
physectomy  the  height  of  the  follicular  cells  drops  as  the  gland 
assumes  the  so-called  “resting”  state.  Uotila’s  555  figures  showed  a 
drop  from  about  3.5  micra  to  a  little  over  2  micra  in  cell  height 
within  two  weeks  after  hypophysectomy,  as  shown  in  the  accom¬ 
panying  Fig.  24.  This  same  phenomenon  occurred  whether  the 
animals  were  kept  warm  or  cold.  As  shown  in  the  second  half  of 
Fig.  25,  if  control  animals  were  kept  at  icebox  temperature  the  cell 
height  increased  within  a  few  days  definitely  above  4  micra  and 
sometimes  as  high  as  7  micra.  It  is  known  that  similar  effects  can 
be  obtained  by  injecting  preparations  of  thyrotropic  extract  made 
from  the  anterior  pituitary.  Taken  together  with  other  indications 
of  secretory  activity,  e.g.,  secretion  vacuoles,  the  loss  of  colloid 
and  changes  in  staining,  such  figures  afford  a  good  index  of  thyro¬ 
tropic  effects.  They  likewise  would  serve  as  a  good  index  of  activa¬ 
tion  of  the  thyroid  by  nervous  activity  in  the  present  instance. 
Thus  Uotila  found,  as  did  Wolf  and  Greep,580  that  the  activation  of 
the  thyroid  by  cold  depends  upon  the  presence  of  the  hypophysis, 
or  of  its  thyrotropic  hormone. 

This  investigator  also  showed  that  extirpation  of  various  parts 
of  the  cervical  sympathetic  system  failed  to  produce  much  direct 
systemic  thyroid  effect  or  any  clear-cut  alteration  of  the  histological 
reaction  of  the  thyroid.  Clearly,  then,  the  evidence  indicates  that 
the  thyroid,  under  this  common  physiological  circumstance,  is 
activated  not  by  cervical  sympathetic  nerves  but  by  the  tropic 
hormone  from  the  anterior  pituitary,  and  this  chemical  activation 
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is  the  principal  mode  of  control.  Unilateral  cervical  sympathectomy 
in  the  rat  did  not  affect  the  ipsilateral  thyroid  lobe,  although  bilateral 
cervical  sympathectomy  did  cause  a  temporary  and  very  mild  hypo- 
activity  of  the  gland.  Similarly,  the  cold  reaction  was  modified 


Fig.  24.  The  influence  of  hypophysectomy  on  thyroid  activity,  as  indicated  by  the 
height  of  the  thyroid  acinar  epithelium.  Curve  A  (crosses)  shows  the  effect  of 
hypophysectomy.  Curve  B  (black  dots)  shows  the  result  of  hypophysectomy  com¬ 
bined  with  bilateral  cervical  sympathectomy.  Curve  C  (circles)  shows  the  effect  of  cold 
upon  hypophysectomized  animals.  The  normal  variation  of  cell  height  in  control 
animals  is  indicated  by  the  shaded  area. 

From:  U.  U.  Uotila,  Endocrinology,  25:  65.  1939. 


temporarily.  Thus  transient  effects  of  cervical  sympathectomy  may 
occur,  but  they  appear  to  be  compensated  for  by  other  pathways 
The  sympathetic  nervous  system,  in  so  far  as  its  cervical  portion  is 
concerned,  does  not  appear  necessary  for  the  continued  tonic  effect 
required  to  maintain  normal  thyroid  function. 
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Indirect  Control  of  the  Thyroid 

Uotila  5o5  went  further,  however,  and  severed  the  pituitary  stalk 
in  certain  rats.  At  ordinary  room  temperature  these  animals  be- 


Days  after  operation 


Fig.  25.  The  influence  of  sympathectomy  upon  the  activity  of  the  thyroid,  as 
indicated  by  the  height  of  the  acinar  epithelium.  For  contrast  with  the  preceding  figure. 

In  the  upper  graph,  Curve  A  (black  dots)  shows  merely  the  result  of  a  blank 
operation;  Curve  B  (crosses)  shows  the  effect  of  left  cervical  sympathectomy;  and 
Curve  C  (circles)  the  result  of  bilateral  cervical  sympathectomy.  Obviously,  these 

effects  are  all  slight,  at  best.  .  , 

In  the  lower  graph,  the  reaction  to  cold  is  recorded  after  bilateral  cervical  sympa¬ 
thectomy.  Curve  A  (black  dots)  shows  merely  the  result  of  cold  after  a  blank  opera¬ 
tion;  Curve  B  (circles)  shows  the  stimulating  effect  of  cold  after  bilateral  cervica 
sympathectomy.  The  shaded  area  indicates  natural  variation  in  the  control  animals, 

which  were  not  operated  upon. 

From:  U.  U.  Uotila,  Endocrinology,  25:  67.  1939- 
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haved  much  like  the  normal  controls  and  their  thyroids  showed 
approximately  the  same  cell  height.  There  was  no  regression  in  the 
gonads  or  in  the  thyroid.  The  pituitary  itself  showed  little  change 
except  perhaps  a  slight  diminution  in  the  eosinophilic  elements. 
When  both  groups  of  animals  were  kept  in  the  cold,  at  4  to  5°C., 
however,  within  four  or  five  days  marked  hypertrophy  could  be 
noted  in  the  follicular  cells  in  the  thyroids  of  the  normal  animals. 
By  contrast,  the  animals  whose  pituitary  stalk  had  been  cut  failed 
to  show  any  activation  of  the  thyroid.  Actually,  the  animals  body 
temperature  fell  and  because  of  this  many  of  them  died  soon.  Thus, 
continuity  of  the  pituitary  stalk  seemed  to  be  essential  for  the 
reaction  of  these  animals  against  cold,  even  though  this  reaction 
has  been  demonstrated  as  due  to  thyrotropic  hormone.  In  short, 
here  was  concrete  evidence  of  a  collaboration,  or  synergism,  between 
the  autonomic  centers  in  the  hypothalamus  and  the  pituitary-thyro¬ 
tropic  axis. 

This  work  of  Uotila’s  is  particularly  important  because  it  offers 
an  opportunity  of  reconciling  many  apparently  contradictory  results 
as  to  the  relative  effect  of  the  tropic  hormone,  on  the  one  hand,  or 
of  the  sympathetic  nervous  system,  on  the  other,  in  influencing 
thyroid  activity. 

N  euro  humoral  Coordination.  Just  as  a  generation  ago  Sir  Charles 
Sherrington  507  compiled  evidence  to  illustrate  the  integrative  ac¬ 
tion  of  the  nervous  system,  so  in  the  past  generation  evidence 
has  been  accumulating  which  now  may  be  synthesized  into  a  con¬ 
cept  of  the  integrated  neuro-endocrine  system.  Beginning  with  the 
demonstration  in  1912  by  T.  R.  Elliott  that  stimulation  of  the 
splanchnic  nerves  released  the  hormone,  adrenine,  evidence  has  been 
accumulating  that  the  stimulation  of  nerves  releases  chemical  sub¬ 
stances  which  have  a  specific  mission.  Thus  Cannon  and  Rosen- 
blutt  have  shown  that  sympathin  is  liberated  on  sympathetic 
stimulation,  just  as  Dale11'  and  Loewi  340  have  shown  that  acetyl¬ 
choline  is  liberated  by  parasympathetic  stimulation.  It  requires 
only  a  slight  effort  of  the  imagination  to  see  by  analogy  that  it  is 
possible  for  nerve  fibers  ending  in  the  pituitary  to  liberate  a  hormone 
which  exerts  its  effect  specifically  at  a  distance.118  Various  papers 
by  Fisher,  Hare,  Hair,  Ingram,  Magoun,  and  Ranson  have  stimu¬ 
lated  thought  along  such  lines.  Within  a  few  years  Rasmussen  449 
has  shown  that  there  are  approximately  50,000  nerves  in  the  pitu- 


172  ENDOCRINE  FUNCTION  OF  IODINE 

itary  stalk  of  man.  Moreover  Ranson  and  his  associates  351  have 
correlated  this  finding  of  nerve  fibers  by  enumerating  cells  in  the 
supra-optic  nuclei  after  section  of  the  infundibular  stem  and  ad¬ 
jacent  loci.  Whereas  such  counts  show  about  34,000  cells  in  the 
monkey  s  supra-optic  nucleus,  unilaterally,  this  number  decreases 
to  less  than  10,000  after  section  of  the  stalk  at  the  sella  turcica. 
Indeed,  after  section  higher  up,  through  the  median  eminence  or 
the  anterior  half  thereof,  the  count  is  only  some  six  or  seven 
thousand.  By  contrast,  a  lesion  through  the  posterior  half  of  the 
median  eminence  reduces  the  count  only  to  27,000.  In  short,  this 
retrograde  degeneration  indicates  indubitably  that  there  are  well- 
defined  nerve  tracts  running  between  the  hypothalamic  region  and 
the  hypophysis  by  way  of  the  pituitary  stalk.  Some  of  these  termi¬ 
nate  in  the  pars  tuberalis  and  are  distributed  over  the  median 
eminence.  Moreover,  Gersh  193  has  found  numerous  terminals  sur¬ 
rounding  the  posterior  lobe  in  a  complex  network. 

In  the  Dunham  Lectures  for  1940  at  the  Harvard  Medical  School, 
Ranson  reviewed  the  available  evidence  bearing  upon  the  role  of  the 
hypothalamus  as  a  regulator  of  mammalian  metabolism,  develop¬ 
ment,  and  behavior.  There  is  no  question  that  this  relatively  small 
portion  of  the  nervous  system  is  intimately  concerned  with  emo¬ 
tional  and  other  reactions  involving  the  autonomic  system.  It  is 
concerned  also  with  active  wakefulness,  lethargy,  and  sleep;  with 
temperature  regulation;  with  sexual  development  and  sexual  per¬ 
formance;  with  obesity;  and  with  water  balance,  or,  per  contra,  with 
diabetes  insipidus. 

Already  it  is  clear  that  a  close  functional  relationship  exists 
between  the  diencephalon  and  the  posterior  lobe  of  the  hypophysis. 
The  experiments  of  Ranson,  just  cited,  together  with  the  work  of 
Gersh  and  of  Brooks,66  show  that  this  connection  is  maintained 
through  the  prominent  supraoptico-hypophysial  tract  which  runs 
in  the  pituitary  stalk.  After  section  of  this  tract,  the  neural  hypo¬ 
physis  below  the  lesion  atrophies  and  fails  to  elaborate  the  anti¬ 
diuretic  hormone.  Diabetes  insipidus  ensues,  provided  the  anterior 
hypophysial  lobe  remains  intact. 

Similar  conclusions  were  reached  by  Dandy,  working  with  human 
patients.  During  the  remarkable  diureses  exhibited  by  such  individ¬ 
uals  excessive  amounts  of  iodine  may  be  lost  in  the  urine.  This 
negative  balance  usually  is  promptly  restored  if  the  diabetes  insipidus 
is  controlled  adequately  (Blotner  and  Perkin,  1940). 
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Unfortunately,  at  the  present  time  (1940)  there  exists  no  such 
clear-cut  evidence  of  a  functional  interrelationship  between  the 
hypothalamus  and  the  anterior  lobe  of  the  pituitary,  in  Ranson  s 
opinion.  Such  an  arrangement,  however,  has  by  no  means  been 
excluded  and,  indeed,  deserves  further  intensive  research.  There  is 
a  tubero-hypophysial  tract  running  from  the  tuber  cinereum  through 
the  stalk  to  the  anterior  lobe;  21a  and  nerve  fibers  possibly  may  also 
run  from  vascular  arterio-plexuses  via  the  circle  of  Willis.  Thus 
there  exists  the  possibility  of  multiple  innervation  of  the  anterior 
pituitary,  a  fact  which  renders  the  problem  rather  complicated 
technically.  In  addition,  a  humoral  connection  exists  by  way  of 
the  circulation  from  the  anterior  lobe  veins  to  the  cavernous  sinus; 
although  the  once  popular  “portal  circulation”  of  the  pituitary  has 
been  excluded  by  Wislocki  “as  playing  any  significant  role  in  con¬ 
veying  blood  from  the  pituitary  complex  to  the  hypothalamic  cen¬ 
ters”  (Anatomical  Record  72:  149.  1938). 

Although  the  existence  of  nerve  fibers  in  the  anterior  lobe  seems 
clear,215  the  experimental  evidence  to  date  indicates  that  functionally 
the  hypothalamus  exerts  only  a  vague,  long-term  supervision  over 
the  secretory  activity  of  the  anterior  pituitary.  The  search  for  acute 
metabolic  changes  following  section  of  the  stalk,  for  example,  has 
not  disclosed  a  subsequent  hypoglycemia  or  an  increased  sensitivity 
to  insulin.  Nevertheless,  there  is  an  ever-increasing  mass  of  clinical 
evidence  in  the  general  field  of  “psychosomatic  medicine”  which 
points  to  nervous  regulation  of  endocrine  activity.  Furthermore, 
these  observations  harmonize  well  with  the  experiments  on  tempera¬ 
ture  regulation  by  Uotila,  cited  in  this  chapter. 

Further  careful  investigation  is  needed  before  one  can  identify 
confidently  definite  tracts  of  fibers  leading  from  the  hypothalamus 
to  the  anterior  hypophysial  lobe.  The  extant  anatomical  evidence 
of  nervous  control  of  the  anterior  lobe  cells  is  imperfect,  at  best 
although  interesting  pioneer  studies  in  this  direction  have  been  made 
by  several  investigators.  Among  these  may  be  mentioned  the  work 
of  Hair,  1  of  Brooks, Gj,cc  and  of  Rasmussen.449 

It  is  impossible  to  survey  here  in  any  detail  the  work  of  Brooks 
and  others,  indicating  the  relations  of  the  diencephalon  to  various 
physiological  processes.  In  summary,  it  seems  clear  that  the  an¬ 
terior  part  of  the  hypothalamus  and  the  posterior  lobe  of  the  pituitary 
are  concerned  with  water  balance,  because  lesions  either  in  this  lobe 
or  higher  up  in  the  path  to  the  supra-optic  nucleus  may  lead  to 
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diabetes  insipidus.  Conversely,  Gersh  193  has  shown  that  in  rats 
starved  of  water  an  entire  neurological  complex  in  the  region  of  the 
pars  tuberalis  may  show  hypertrophy,  thus  indicating  the  nerve 
system  which  has  to  do  with  diabetes  insipidus  when  injured.  More 
posterior  in  the  hypothalamus  is  the  part  of  the  nervous  system 
regulating  heat  production.*  Thus  one  might  predict  experimental 
loss  of  heat  regulation,  as  demonstrated  by  Uotila  in  the  experiments 
just  discussed.  Under  conditions  of  excessive  heat,  presumably  both 
of  these  neurohumoral  systems  would  be  involved,  each  calling  into 
play  its  own  end-organs,  the  one  favoring  water  elimination,  the 
other  conserving  heat  production.  Presumably,  also,  both  of  these 
mechanisms  might  be  involved  in  an  emotional  or  subconscious 
adaptation  reaction.  For  example,  clinicians  have  long  recognized 
that  the  onset  of  Graves’  disease  might  follow  a  severe  nervous 
shock  or  fright. 

Because  many  investigators  have  suspected  that  Graves’  disease 
is  primarily  a  disturbance  of  the  diencephalon,  it  has  been  suggested 
frequently  that  sedatives  in  rather  large  doses  might  quell  excessive 
nervous  activity  in  the  hypothalamic  region  407  and  suppress  the 
real  cause  of  the  hyperthyroidism.  To  this  end  Gutzeit  and  Parade  213 
treated  seven  patients  with  basal  metabolic  rates  ranging  from 
plus  43  to  plus,  ioo  per  cent  for  several  days  (three  to  eight),  with 
“prominal”  in  doses  of  0.2  gram  three  times  a  day.  At  the  same  time 
they  followed  the  “anorganische”  and  “organische”  fractions  in  the 
blood  iodine,  together  with  their  “iodine  quotient.”  The  results 
were  rather  disappointing.  In  reviewing  ten  such  observations  they 
summarized  the  effect  of  treatment  on  basal  metabolic  rate,  total 
blood  iodine  and  “iodine  quotient,”  as  follows.  The  basal  metabolic 
rate  fell  somewhat  in  four  of  ten  observations.  The  total  blood 
iodine  fell  somewhat  in  only  two  cases  and  rose  slightly  in  two 
others.  The  iodine  quotient  showed  slight  rise  in  two  cases  and  a 
very  slight  fall  in  two  other  cases.  In  short,  the  laboratory  data 
agreed  with  the  clinical  impression  that  this  therapy  offered  no  great 

prospect  of  practical  application. 

In  this  connection  the  relation  of  the  sympathetic  nervous  system 
to  gonadotropic  function  is  interesting  because  it  presents  an  analogy 
for  understanding  thyrotropic  function.  For  example,  the  expen- 

*  The  regulation  of  heat  elimination  by  the  pre-optic  or  supra-optic  nucleus  is  dis¬ 
missed  here  because  the  pituitary  seems  not  to  be  involved. 
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ments  of  Friedgood  187  indicate  that  sympathectomy  can  diminish 
the  frequency  of  pseudopregnancy  after  stimulation  of  the  cervix 
uteri,  electrically  or  mechanically.  Furthermore,  the  amenorrhea 
of  young  women  immigrating  to  this  country  has  been  classical  in 
the  last  generation.  Every  poulterer  knows,  also,  that  fowls  or 
pigeons  will  not  lay  eggs  when  moved  into  unfamiliar  surroundings. 
In  short,  complex  neurological  activity  in  the  cerebral  cortex  may 
influence  the  hypothalamic  region  and  thus  set  off  discharges  simul¬ 
taneously,  (a)  through  the  sympathetic  nervous  system  directly  to 
viscera,  and  also  ( b )  through  the  anterior  pituitary,  which  translates 
them  into  tropic  hormones  which,  in  turn,  influence  the  activity  of 
endocrine  glands,  thus  moderating  their  chemical  control  of  the 
tissues  at  large.  Obviously  the  situation  is  so  complex  that  it  is  often 
difficult  to  decide  how  much  of  a  given  net  effect  is  to  be  attributed 
directly  to  nerve  tissues,  or  indirectly  to  chemical  hormonal  influ¬ 
ence,  because  in  general  these  activities  should  tend  to  operate 
toward  the  same  end  under  normal  conditions.556 

This  work  on  the  action  of  the  nervous  system  does  not  vitiate 
the  obvious  point  that  the  thyrotropic  hormone  can  stimulate  thyroid 
tissue  quite  apart  from  nerve  action.  Thus,  Marine  and  Rosen  363 
have  studied  the  effect  of  the  thyrotropic  hormone  upon  trans¬ 
planted  thyroid  and  upon  grafts  from  glands  of  other  animals. 
They  found  that  such  transplanted  tissue  responded  with  as  much 
hyperplasia  under  the  influence  of  the  thyrotropic  hormone  as  did 
the  naturally  located  gland.  One  must  rather  think  of  each  of  these 
mechanisms  as  modifying  the  effect  of  the  other.  Indeed,  Pieper  438 
found  that  when  small  doses  of  thyrotropic  hormone  were  given  to 
animals,  the  denervated  thyroid  in  consequence  showed  less  hy¬ 
perplasia  than  did  an  intact  gland;  on  the  other  hand,  with  large 

doses  of  thyrotropic  hormone,  denervation  appeared  to  have  no 
influence. 


Role  of  Iodine  in  Neurohumoral  Integration.  The  place  of  iodine 
m  this  complex  situation  may  be  divided  arbitrarily  into  two  types, 
n  the  first  place,  when  thyroid  activity  is  enhanced  and  its  secretion 
increased,  the  general  body  economy  will  be  speeded  up  and  there 
Will  be  a  tendency  to  utilize  more  thyroid  hormone  and  more  iodine. 

e  concentration  of  thyroid  hormone  in  the  circulatin'*  fluid 
mcreases  however,  such  increase  will  tend  to  react  upon  the  pituitary 
and  diminish  the  output  of  the  tropic  hormone.  Sn  this  way  the 
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pituitary-thyroid  axis  will  respond  as  described  in  Chapter  VI.  It  is 
by  no  means  clear  exactly  how  this  countermechanism  is  set  into 
operation.  Perhaps  the  increase  in  thyroid  hormone  is  recorded 
initially  in  the  interbrain.  Further  crucial  experiments  are  needed 
in  animals  whose  pituitary  stalk  has  been  interrupted.  In  gen¬ 
eral,  of  course,  the  total  effect  of  any  disturbance  of  normal  bal¬ 
ance  will  be  checked  by  homeostatic  mechanisms.  Thus,  Houssay, 
Mazzocco,  and  Biasotti  256  (1931)  damaged  the  tuber  cinereum  of 
dogs  and  found  that  in  the  first  month  thereafter  the  blood  iodine 
rose  to  nearly  40  gamma  per  cent;  but  it  decreased  a  few  weeks 
later  to  20  gamma  per  cent.  In  similar  fashion  Schittenhelm  and 
Eisler  495  attempted  to  study  the  effect  upon  iodine  metabolism  of 
removal  of  different  parts  of  the  brain.  These  authors  thought  they 
found  changes  in  iodine  metabolism,  but  repetition  of  this  general 
type  of  experimentation  by  Sturm  and  Schneeberg  530  indicated  that 
no  great  changes  in  iodine  utilization  followed.  Bilateral  destruction 
of  the  tuber  cinereum  was  found  to  produce  only  a  slight  increase 
in  urinary  iodine  elimination,  and  further  lesions  of  the  hypothala¬ 
mus,  the  thalamus  and  even  of  the  putamen  and  pallidum,  as  well 
as  the  posterior  pituitary  and  its  associated  stalk,  produced  no 
very  striking  effects.  Further  work  is  necessary  before  the  con¬ 
tradictory  literature  on  this  subject  can  be  evaluated  properly. 
Possibly  some  experiments  cause  hypothalamic  irritation,  whereas 
others  remove  important  nerve  centers,  thus  yielding  opposing 
results. 

If  the  foregoing  considerations  on  the  role  of  diencephalon  in 
iodine  metabolism  be  correct,  it  is  puzzling  that  one  can  not  show 
a  change  in  iodine  metabolism  following  the  administration  of  drugs 
which  depress  this  tissue.  Thus  far  such  narcotics,  e.g.,  luminal 
and  “prominal,”  have  appeared  not  to  influence  significantly  the 
iodine  metabolism  of  normal  individuals  or  animals.  Occasionally, 
in  hyperthyroidism  there  may  be  a  distinct  fall  in  the  total  metabo- 
lism  and  in  the  blood  iodine,  according  to  Fenz  and  Uiberrak.1'3 

There  are  good  grounds,  however,  for  believing  that  iodine  plays 
an  intimate  role  in  the  relationship  of  pituitary  to  hypothalamus. 
This  evidence  revolves  about  the  fact  that  the  iodine  concentration 
of  the  pituitary  is  high  as  compared  with  that  in  other  tissues,  an  , 
likewise,  certain  portions  of  the  diencephalon  probably  have  very 
high  iodine  contents.  At  this  time  it  is  impossible  to  be  dogmatic 
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about  these  statements,  because  several  investigations  of  the  past 
decade  disagree  as  to  the  facts.  There  is  little  question,  however, 
that  the  pituitary  selectively  concentrates  thyroxine  which  has  been 
injected  into  the  blood  stream.  Indeed,  concentrations  as  high  as 
2400  gamma  per  cent  of  iodine  have  been  reported  by  Sturm  and 
Schneeberg  530  (see  Lohr  and  Wilmanns  343)  in  dogs  treated  for 
four  days  with  “thyroid’’  in  poisonous  doses.  Under  these  circum¬ 
stances,  the  concentration  in  the  tuber  cinereum  reached  about  564 
gamma  per  cent. 

As  regards  the  iodine  in  the  tuber  cinereum  there  is  much  dispute. 
After  injections  of  anterior  pituitary  extracts  into  dogs,  Pighini 439 
found  that  the  hypothalamic  iodine  rose  from  666  to  2690  gamma 
per  cent.  He  believes,  therefore,  that  diencephalon  has  a  peculiar 
affinity  for  some  type  of  iodine  compound.  Likewise,  Schittenhelm 
and  Eisler  492  found  concentrations  ranging  from  345  to  708  gamma 
per  cent  in  the  thalamus  and  tuber  cinereum,  as  contrasted  with 
values  of  17  for  the  pallidum  and  72  for  the  cerebellum.  Further¬ 
more,  they  have  reported  that,  within  two  days  after  removal  of  the 
thyroid,  no  such  phenomenal  concentrations  were  found  in  the  hypo¬ 
thalamus.  Sturm,528  who  failed  to  find  this  effect,  did  note  that  after 
hypophysectomy  in  dogs  the  high  normal  concentration  in  the  tuber 
cinereum  dropped  to  the  very  low  level  of  10  gamma  per  cent.  Thus, 
there  seems  to  be  a  distinctly  high  iodine  concentration  in  the  tuber, 
but  the  basis  for  it  is  not  decided.  Conservative  values  are  given 
in  Table  35. 

According  to  Schittenhelm  and  his  collaborators  the  tuber  shows 
much  the  same  affinity  for  thyroxine  as  does  the  pituitary.  Although 
neither  inorganic  iodide  nor  diiodotyrosine  is  selected  by  this  section 
of  the  brain,  concentrations  over  3000  gamma  per  cent  were  found 
in  rabbits  four  hours  after  the  injection  of  thyroxine  (1  mg.  per 
kilogram  of  body  weight).  Curiously  enough,  these  phenomenal 
increases  were  not  attained  in  athyreotic  organisms. 

It  would  be  pleasant  to  accept  the  hypothesis  of  Schittenhelm 
and  Eisler  that  the  hypothalamus  is  a  central  controlling  station  of 
iodine  metabolism  and  the  thyroid  merely  a  sub-station  where 
hormone  is  manufactured,  stored  and  liberated  on  demand  At  best 
however,  the  evidence  can  be  considered  merely  suggestive  at  pres¬ 
ent,  pending  further  work  with  improved  techniques. 
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It  is  also  possible  that  nervous  impulses  at  the  periphery  may 
alter  iodine  metabolism  in  the  tissues.  In  fact,  Veil  and  Sturm 
found  that  the  blood  iodine  was  altered  by  substances  which  para¬ 
lyzed  or  excited  the  autonomic  nervous  system.  Thus  they  showed 
that  after  parasympathetic  paralysis  (with  atropine)  the  blood 
iodine  curve  resembles  that  obtained  by  stimulation  of  the  sympa¬ 
thetic  system  with  adrenine.  A  rapid  increase  in  blood  iodine  occurs 
after  subcutaneous  injection  of  atropine,  rising  to  a  peak  in  about 
half  an  hour  and  later  falling  rapidly.  Pilocarpine,  choline,  and 
digitalis  give  a  converse  effect.  Pilocarpine  depresses  the  blood 
iodine  for  two  hours.  Choline  produces  a  slight  transitory  drop, 
followed  by  a  marked  rise  for  two  hours  —  chiefly  of  inorganic 
iodide.  After  repeated  injections  of  digitalis,  definite  hypoiodemia 
occurs;  as  the  digitalis  is  slowly  being  metabolized  marked  and 
prolonged  hyperiodemia  persists.  Eventually  the  blood  returns 
to  normal.  Of  course,  the  thyroid  and  ovary  may  be  involved  in 
such  peripheral  responses. 

When  Schittenhelm  and  Eisler  cut  the  spinal  cord  at  various 
levels  they  obtained  a  prompt  and  definite  decrease  in  the  blood 
iodine.  The  concentration  fell  as  low  as  2  gamma  per  cent,  but  rose 
to  normal  within  six  hours.  If  hypothalamus  were  first  removed,  the 
fall  in  blood  iodine  was  not  marked.  Likewise,  the  action  of  adrena¬ 
line  on  the  blood  iodine  level  stops  after  removal  of  diencephalon 
and  cutting  of  the  spinal  cord  between  the  fourth  cervical  and  the 
third  thoracic  roots.  Section  of  the  lower  part  of  the  cord  has  no 
influence  on  the  adrenine  effect.  This  evidence  suggests  rather  defi¬ 
nitely  that  spinal  sympathetic  nerves  are  involved  in  the  regulation 
of  iodine  metabolism. 

Likewise,  the  adrenal  medulla  plays  a  small  role  in  iodine  metabo¬ 
lism.468  After  a  subcutaneous  dose  of  adrenine  (0.8  mg.)  in  man 
hyperiodemia  to  the  extent  of  from  3  to  6  gamma  per  cent  appears 
m  45  minutes,  to  reach  a  peak  in  one  and  one-half  hours.  After  three 
hours  the  blood  iodine  returns  to  a  subnormal  level.560  More  marked 
effects  were  noted  by  Mislowitzer,  Nissen,  and  Stanoyevitch  (10,4) 
after  intravenous  injection  (up  to  0.1  mg.).  The  iodine  peak  ap¬ 
peared  almost  immediately,  amounting  to  a  rise  of  from  13  to  30 
gamma  per  cent,  and  dropped  slowly  to  normal  in  24  hours.  In 
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vagotonia  Veil  and  Sturm  500  found  an  inverse  effect  at  the  start. 

The  source  of  the  extra  iodine  in  the  blood  is  not  clear,  but  it 
seems  to  be  largely  “anorganische.”  Sturm  527  found  that  after  adren- 
ine  treatment  the  isolated  thyroid  liberates  iodine  if  its  perivascular 
sympathetic  nerve  plexus  is  maintained.  On  the  other  hand,  Schitten- 
helm  and  Eisler  494  found  that  thyroidectomized  animals  also  re¬ 
sponded  to  adrenine.  However,  Mislowitzer  failed  to  find  this. 
Obviously  more  work  is  needed. 

What  part  the  nervous  system  plays  in  clinical  hyperthyroidism 
is  not  clear.  Sturm  and  Schneeberg  530  found  that  the  iodine  con¬ 
centration  in  the  medulla  oblongata  was  much  higher  (34  to  89 
gamma  per  cent)  in  those  dying  from  hyperthyroidism  than  in  the 
previously  healthy  (8  gamma  per  cent).  Schittenhelm  (1935)  con¬ 
firmed  these  findings,  but  it  is  not  clear  whether  they  indicate  a 
causal  relationship,  or  merely  an  effect. 


CHAPTER  IX 


IODINE  BALANCE 

Throughout  the  many  fluctuations  which  the  thyroid  and  other 
tissues  undergo  in  the  course  of  the  various  physiological  and  patho¬ 
logical  changes  discussed  in  the  preceding  chapters,  it  is  evident 
that  if  life  is  to  continue  for  long  periods  the  organism  must  maintain 
a  certain  minimal  reserve  of  iodine.  In  other  words,  iodine  balance 
must  be  preserved  at  very  nearly  the  neutral  point.  Until  recently 
such  studies  were  extremely  difficult  technically.  Consequently, 
when  von  Fellenberg  in  1926  reported  that  he  had  analyzed  ingesta 
and  excreta  in  direct  clinical  metabolic  studies  and  found  that  nor¬ 
mally  the  organism  is  in  iodine  balance,  this  apparently  naive  report 
was  recognized  in  fact  as  a  milestone  in  the  progress  of  nutritional 
studies.  Such  observations  still  demand  scrupulous  attention  to 
detail.  For  example,  in  a  metabolic  hospital  ward  false  balances 
may  be  found  because  some  medication,  or  some  confection  unex¬ 
pectedly  supplies  relatively  huge  amounts  of  iodine  which  are 
unsuspected.  An  iodoform  dressing  on  a  surgical  patient  in  an 
adjoining  bed  may  supply  sufficient  extraneous  iodine  to  spoil 
metabolic  observations.  Nevertheless,  this  type  of  study  is  impor¬ 
tant  because  it  indicates  clearly  (a)  when  excessive  amounts  of 
iodine  are  drawn  from  bodily  reserves,  and  ( b )  how  much  of  the 
element  must  be  supplied  for  daily  maintenance  under  normal 
conditions. 

This  method  is  the  most  direct  way  of  deciding  the  quantitative 
estimate  of  iodine  requirements  in  health  and  in  disease.  There  is 
another  method  which  is  more  crucial  but  much  less  practical. 
Because  many  investigators  agree  with  Marine  that  the  most 
specific  indication  of  iodine  deficiency  is  hyperplasia  of  the  thyroid, 
much  effort  has  been  spent  to  determine  the  minimal  daily  iodine 
required  to  prevent  the  histological  reaction.  A  major  difficulty  is 
the  fact,  that  an  iodine-deficient  diet  must  continue  for  several 
months  in  children,  and  for  several  years  in  adults,  before  reco^- 
mzable  goiter  appears.131  Even  with  experimental  animals  under 
■deal  conditions  the  results  may  be  capricious.  Thus,  Jackson  and 
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P’An  202  could  not  produce  goiter  experimentally  with  a  poor  iodine 
intake,  although  Drennan,  Malcolm,  and  Cox  127  succeeded  in  doing 
so.  By  contrast  Levine,  Remington,  and  von  Kolnitz  322  were  able 
to  state  rather  precisely  that  rats  became  goitrous  on  0.14  gamma 
of  iodine  daily,  but  not  on  1  to  2  gamma  per  day.  Small  amounts  of 
iodine  in  the  air,  water  and  food  may  be  sufficient  to  distort  ex¬ 
perimental  results,  which  must  perforce  be  continued  for  many 
months.  For  these  reasons,  greater  stress  has  been  laid  upon  meas¬ 
urement  of  the  excretion  of  iodine  by  normal  healthy  adults,  par¬ 
ticularly  in  the  urine;  and  upon  the  total  iodine  ingested  in  the 
natural  diet  of  normal  individuals.  Indeed,  Lunde  345  even  suggested 
doubling  the  urinary  output  to  estimate  the  intake  of  iodine,  but 
subsequent  carefully  balanced  studies  have  shown  this  procedure 
to  be  hazardous  because  other  routes  of  excretion  may  behave 
erratically. 

Because  the  fate  of  the  iodine  taken  in  depends  upon  (a)  the 
amounts  administered,  ( b )  the  route  and  rate  of  administration, 
and  (c)  the  chemical  form  and  other  factors,  it  is  evident  that  no 
simple  formulation  of  iodine  balance  can  be  precise.  Already,  how¬ 
ever,  considerable  data  are  available  indicating  the  general  trends 
in  iodine  metabolism,  and  we  must  content  ourselves  with  scanning 
some  of  these. 


Assimilation  of  Iodine 

Cohn91  studied  the  absorption  of  various  inorganic  compounds 
containing  iodine  after  these  substances  had  been  administered 
enterally,  and  concluded  that  they  were  absorbed  only  after  con¬ 
version  to  iodide.  Consequently,  because  free  elementary  iodine 
and  iodates  must  be  converted  into  iodide  ions  before  they  can  be 
absorbed,  they  act  somewhat  more  slowly  and  slightly  less  effec¬ 
tively  than  inorganic  iodide.  These  results,  incidentally,  throw  some 
doubt  on  the  superiority  of  liquor  iodi  compositus  over  potassium 
iodide  as  a  readily  assimilable  form  of  iodine. 

In  two  hours  80  per  cent  of  the  ingested  iodide  is  absorbed  from 
the  small  intestine  and  63  per  cent  from  the  large  intestine.  Cohn 
found,  furthermore,  that  the  isolated  stomach  could  absorb  31  per¬ 
cent  of  potassium  iodide  in  two  hours.  Free  iodine  was  absorbed 
to  the  extent  of  18  per  cent  after  its  conversion  to  iodide.  Likewise 
Hamilton  217  studied  the  rate  of  absorption  of  labeled  iodide  (see 
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Chapter  X)  from  the  gastrointestinal  tract  in  eight  normal  individu¬ 
als.  This  was  done  by  measuring  the  increment  of  radioactivity  of 
the  hand  of  each  subject  for  two  hours  after  ingestion.  Apparently 
over  four-fifths  of  the  medication  had  been  absorbed  at  the  end  of 
one  hour.  Similarly,  Tiedcke  547  showed  that  the  buccal  mucosa 
could  absorb  iodide  slowly,  but  repeated  paintings  over  the  course 
of  several  days  are  required  to  produce  significant  general  sys¬ 
temic  effects. 


Assimilation  oj  Organic  Compounds 

i.  Diiodotyrosinc.  Both  levorotatory  and  dextrorotatory  forms 
are  readily  absorbed  from  the  gastrointestinal  tract.  Little  of  the 
iodine  (only  a  few  per  cent)  is  excreted  in  the  feces,  and  this  fecal 
excretion  occurs  even  after  subcutaneous  administration.1  For  ex¬ 
ample,  in  adult  rabbits  receiving  io  grams  of  the  dl-  or  1-  compound 
over  a  period  of  several  days,  Oswald  recovered  the  following 
iodines:  of  the  dl-  compound  46  per  cent  in  the  urine  and  3  per  cent 
in  the  feces;  of  the  1-  compound  89  per  cent  in  the  urine  and  3  per 
cent  in  the  feces.  After  administering  large  doses  of  racemic  diiodo- 
tyrosine  to  rabbits,  Foster  and  Gutman  177  found  in  the  urine  60  per 
cent  of  diiodotyrosine,  10  per  cent  of  inorganic  iodide  and  18  per 
cent  of  3,5,  diiodo-4  hydroxyphenyl  lactic  acid  (i.e.,  a  deaminated 
product).  Using  small  doses,  Elmer  140  and  Elmer  and  Rychlik  130 
recovered  from  32  to  74  per  cent  of  the  iodine  in  one  day’s  urine; 
smaller  doses  were  more  effectively  retained  in  the  body,  at  least 
temporarily. 

After  smaller  doses,  more  inorganic  iodine  is  found  in  the  urine, 
indicating  a  greater  relative  degree  of  decomposition.  Thus  Elmer  140 
found  that  after  taking  0.2  gram  of  diiodotyrosine  (containing  116 
mg.  of  iodine)  by  mouth,  his  daily  urine  contained  57  mg.  of  in¬ 
organic  iodide  out  of  86  mg.  total  iodine.  There  remained  enough 
unchanged  diiodotyrosine,  nevertheless,  to  give  the  color  reaction 
of  Kendall  and  Osterberg.277  The  rapid  absorption  and  decomposi¬ 
tion  of  the  compound  was  shown  by  the  fact  that  even  within  an 
hour  after  ingestion  the  urine  showed  increased  iodide.  Similarly 

Snapper  and  Grunbaum  310  found  increases  in  salivary  iodine  soon 
after  ingestion. 

It  was  once  thought  that  digestive  enzymes  might  destroy  diiodo¬ 
tyrosine  by  de-iodinating  the  substance  when  fed.  Nevertheless, 
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it  was  found  that  even  after  subcutaneous  administration  the 
compound  was  decomposed  in  part  to  inorganic  iodide  before  excre¬ 
tion.  Furthermore,  Harington  and  Salter  229  and  Barkan  and 
Kingisepp  30  found  only  very  slight  decomposition  by  pure  trypsin 
after  long  periods.  It  must  be  conceded,  however,  that  bacterial 
action  in  the  intestine  may  partly  de-iodinate  the  compound.  More¬ 
over,  part  of  the  circulating  compound  is  excreted  in  the  bile  298  and 
thus  returned  to  the  intestine,  when  it  is  again  forced  to  run  the 
gamut  of  bacterial  action. 

2.  Thyroxine  and  Its  Derivatives.  Dry  crystals  of  thyroxine 
are  highly  insoluble  in  Ringer’s  solution  and  can  be  dissolved  con¬ 
veniently  in  aqueous  media  only  when  very  alkaline.  This  simple 
chemical  fact  wTas  long  neglected  in  therapeutics.  Thus  Schittenhelm 
and  Eisler  489  recovered  in  the  feces  of  man  86  per  cent  of  the  iodine 
administered  by  mouth  in  6.5  mg.  as  solid  thyroxine.  When  the  same 
amount  was  introduced  in  alkaline  solution  into  the  duodenum  of  the 
dog,  however,  over  90  per  cent  was  absorbed  in  from  2  to  12  hours. 
Indeed,  thyroxine  becomes  increasingly  soluble  as  the  monosodium 
and  disodium  salts  (formed  by  treatment  with  alkali)  are  produced 
by  neutralization.  This  point  was  expounded  quantitatively  by 
W.  O.  Thompson,  P.  K.  Thompson,  Dickie,  and  Alper  544  by  studies 
of  calorigenic  effect,  and  by  B0e  and  Elmer,'"  and  Elmer  and 
Rychlik,150  who  followed  urinary  iodine  excretion.  Nevertheless, 
Harington  and  his  collaborators  191  and  Salter’s  colleagues  472  had 
for  years  assayed  thyroxine  derivatives  in  alkaline  solution  pur¬ 
posely  to  take  advantage  of  supersaturation,  which  occurs  even  in 
biological  fluids  once  the  crystalline  hormone  has  been  got  into 
solution.  Obviously,  drugs  should  be  administered  in  such  a  physical 
state  as  to  favor  assimilation,  if  their  full  physiological  effect  is  to 
be  realized.  Thus  Elmer  and  Luczynski 139  (see  p.  147)  found  that 
the  rabbit  intestine  absorbed  over  85  per  cent  of  dissolved  thyroxine 

within  24  hours. 

Thyroxine  in  Peptide  Combination.  Besides  the  formation  of 
alkali  salts,  the  addition  of  a  peptide  chain  increases  the  solubility 
of  thyroxine.  Simple  synthetic  dipeptides  of  thyroxine  are  not  very 
soluble,23  but  longer-chained  compounds  show  increasing  solubility 
and  a  greater  tendency  to  supersaturation.  Hydrolysis  with  acid 
produced  the  “jodthyrin”  or  “thyrojodin”  of  Baumann  and  modern 
similar  derivatives  of  “thyroidin”  (desiccated  thyroid).  These  are,  in 


IODINE  BALANCE 


185 


peptones  of  thyroxine.  As  evidence  of  better  solubility  and 
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63  to  95  per  cent  of  the  iodine  administered  per  os  as  thyroid, 

in  contrast  to  only  5  to  9  per  cent  for  thyroxine. 

Likewise,  Harington  and  Salter  229  made  a  polypeptide  of  thyroxine 
by  tryptic  digestion  of  thyroglobin.  The  effect  of  this  compound 
when  administered  by  mouth  was  practically  the  same  as  when 
injected  intravenously.  Furthermore,  it  reproduced,  in  terms  of 
iodine ,  the  same  effect  as  intravenous  thyroxine.472  Lerman  and 
Salter 318  have  studied  in  athyreotic  humans  the  calorigenic  effects 
of  human  thyroglobin,  its  peptones,  its  peptides,  as  well  as  d-,  1-  and 
racemic  thyroxine.  In  terms  of  iodine,  these  compounds  are  all 
equally  effective  under  clinical  conditions,  provided  they  are  admin¬ 
istered  under  appropriate  conditions  favorable  to  absorption.  Even 
the  artificial  thyroid  protein  (plastein)  made  by  Salter  4(57  gives  a 
similar  quantitative  result. 

There  is  no  doubt  that  whole  thyroid  substance  is  very  efficiently 
assimilated  by  the  gastrointestinal  tract.41'  It  is  not  certain,  how¬ 
ever,  how  far  the  intestinal  enzymes  break  down  the  thyroglobin 
when  whole  thyroid  or  its  protein  is  administered.  The  problem  is 
perplexing  because  whole  thyroid  produces  in  myxedematous  pa¬ 
tients  a  greater  effect  than  the  thyroxine  which  it  yields,229  as  ex¬ 
plained  elsewhere.  Barnes  and  Bueno  33  presumed  that  it  is  partially 
absorbed  as  a  long-chained  peptide  or  proteose,  because  they  obtained 
positive  precipitin  reactions  in  the  blood  after  ingestion  of  thyroid. 


Iodine  Requirements 


It  is  evident  from  the  magnitude  of  iodine  elimination  under  the 
various  conditions  just  considered  that  in  hyperthyroidism  the  or¬ 
ganism  may  require  several  times  the  normal  intake.  Although  such 
patients  frequently  develop  acutely  a  rather  marked  depletion  of 
their  reserves,  this  deficit  ordinarily  is  soon  remedied  by  the  heroic 
doses  commonly  used  in  the  clinics  of  today.  As  will  be  shown  in 
Chapter  XI,  such  medication  is  many  times  the  normal  requirement 
and  far  in  excess  of  the  need  even  in  disease.  It  is  much  more 
difficult  to  assess  normal  values  to  be  used  in  compiling  dietaries  for 
large  groups  of  individuals,  or  even  whole  populations  made  up  of 
heterogeneous  elements.  In  general,  however,  experts  in  nutrition 
and  professional  dietitians  feel  that  they  should  know  approximate 
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values  for  two  vaguely  defined  states.  These  are,  first,  the  minimal 
normal  requirement  which  will  barely  prevent  detectable  pathological 
change  and,  secondly,  the  optimal  normal  requirement ,  an  increase 
in  which  will  result  in  no  gain  in  health,  efficiency,  or  “joie  de  vivre.” 

Minimum  Normal  Requirement.  Values  for  the  minimum  daily 
requirement  of  iodine  vary  between  40  micrograms  131  and  15  micro¬ 
grams.418  Smaller  rations,  if  continued,  produce  signs  of  iodine  de¬ 
ficiency.  The  simplest  criterion  of  such  deficiency  is  hyperplasia  of 
the  thyroid,  which  Marine  and  associates  359  consider  a  very  im¬ 
portant  sign  of  deficiency  disease.  Because  the  organism  has  a  re¬ 
serve  of  iodine  in  the  thyroid  and  elsewhere,  several  months  may 
elapse  before  a  deficient  diet  produces  this  histological  change. 
Furthermore,  even  bad  diets  usually  contain  a  little  iodine.  Obvi¬ 
ously,  then,  the  above  estimates  are  very  crude.  Likewise  preg¬ 
nancy,  growth,  and  conditions  involving  a  high  caloric  turnover 
increase  the  requirement,  which  is  a  relative  quantity.  For  example, 
Eggenberger  131  believes  that  the  growing  child  requires  at  least  1 
microgram  per  kilogram. 

Optimal  Normal  Requirement.  Estimates  of  the  amount  of  iodine 
in  the  diet  of  normal  healthy  adults  in  various  parts  of  the  world 
vary  from  15  to  500  micrograms  daily.  Obviously,  measurement  of 
intakes  gives  only  a  rough  idea  of  bodily  need.  More  useful  are  the 
data  of  Cole  and  Curtis,96  who  found  that  the  daily  iodine  retention 
in  normal  subjects  consuming  varying  quantities  of  iodine  was  from 
15  to  25  micrograms,  and  they  suggest  that  this  amount  represents 
the  optimal  requirement.  On  the  other  hand,  values  for  urinary 
iodine  in  the  literature,  i.e.,  about  50  micrograms,  suggest  that  the 
optimal  requirement  should  be  at  least  100  micrograms.  The  main¬ 
tenance  requirement  of  thyroxine  iodine  in  athyreotic  patients  is 
nearly  200  micrograms  of  iodine  per  day,390  but  some  of  this  hor¬ 
monal  iodine  may  be  trapped  and  used  again. 

In  summary,  it  seems  likely  that  a  normal  adult  man  will  remain 
healthy  on  200  micrograms  iodine  a  day,  and  possibly  on  one-eighth 
of  this  amount. 

For  growth,  larger  amounts  are  needed  when  expressed  in  terms 
of  kilogram  of  weight  or  square  meter  of  body  surface.  Babies  take 
in  from  20  to  44  micrograms  per  day  151  and  older  children  about 
50  micrograms  daily.418  Urinary  studies  by  Curtis  and  Puppel 116 
also  show  a  relatively  high  iodine  excretion  in  the  young. 
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Metabolic  studies  of  iodine  balance  show  that  the  organism  can 
compensate  for  wide  variations  in  iodine  intake.  Thus  Fellenberg 
found  that  when  17  micrograms  of  iodine  were  taken  in,  15  micro¬ 
grams  were  put  out.  This  “acute”  observation  represents  equilibrium 
within  the  experimental  error.  About  40  per  cent  of  the  excreted 
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Iodine  Excretion  in  Hyperthyroidism 
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Cardiovascular  dis- 

+  29 

129.0 

25-5 

494 

534 

126.5 

turbance  simulat¬ 
ing  hyperthyroid- 

50-70 

1 1. 2 

7-5 

24.4 

43-i 

ism  . 

50-70 

25-9 

19.6 

11 -3 

56.8 

Normal  control 

1932,  V . 

1932,  VI . 

1932,  XI . 

1932,  XII . 

1306 

53-9 

i55-o 

57-i 

15-3 

116.1 

27.0 

2.8 

5-o 

44-8 

29.2 

23.7 

68.4 

Traces 

4-3 

104.7 

49-5 

139-8 

99-7 

After:  L.  Scheffer,  Klin.  Wchnschr.  12:  1285. 

1933,  and 

13:  1571-2. 

1934- 

iodine  appeared  in  the  urine,  and  about  26  per  cent  in  the  feces. 
The  nose,  skin,  and  lungs  contributed,  respectively,  11,  9,  and  14 
per  cent.  On  more  liberal  intakes,  namely,  60  to  no  micrograms 
per  24  hours,  Scheffer  48°- «*.  found  a  tendency  to  negative 

balance,  as  shown  in  Table  36.  In  the  absence  of  profuse  sweating 
over  half  the  iodine  was  eliminated  in  the  urine.  Inconstant  excre- 
ion  y  lung,  in  addition  to  sweating,  complicates  the  picture.  Fur- 
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thermore,  as  Cole  and  Curtis  90  showed,  as  much  as  one-fourth  of  the 
excretion  may  be  fecal  on  occasions. 

In  cattle,  Fellenberg  108  found  quite  different  results.  Not  only 
is  the  turnover  ten  times  that  of  man,  but  the  fecal  excretion  is  sev¬ 
eralfold  greater  than  that  in  urine  or  in  milk.  It  should  be  remem¬ 
bered  that  i  kilogram  of  hay  may  contain  400  micrograms  of 
total  iodine.  Albino  rats  were  found  by  Cole  and  Curtis  to  remain 
in  iodine  balance  on  intakes  of  from  3  to  14  micrograms  daily,  as 
judged  by  mixed  urine  and  fecal  excretion. 

The  normal  iodine  requirement  is  increased,  of  course,  by  factors 
which  augment  total  metabolism.  Thus,  exercise  causes  an  increase 
in  blood  iodine  within  a  few  minutes,  and  subsequently,  urinary 
excretion  may  be  double  the  control  value  provided  excessive  sweat¬ 
ing  does  not  divert  iodine  elimination  to  the  skin,  as  often  hap¬ 
pens.480  Elmer  139  (see  p.  140)  presumes  that  the  increased  blood 
iodine  is  due  to  thyroid  secretion. 

Diet  and  Iodine  Deficiency 

Because  simple  goiter  is  thought  by  Marine  355  and  others  to  be 
caused  either  by  absolute  or  relative  iodine  deficiency,  it  is  obvious 
that  the  prevalence  of  iodine  in  the  flora  and  fauna  of  various 
geographical  regions  may  have  a  significant  influence  on  public 
health.  Long  before  it  was  known  that  iodine  occurs  in  the  thyroid, 
Chatin83  showed  that  the  development  of  goiter  is  related  to  de¬ 
creased  iodine  intake  in  drinking  water,  food  and  in  air.  Tales 
sunt  aquae  quales  terrae,  per  quas  fluunt,”  as  Pliny  the  Elder  said. 
He  concluded  (/)  that  goiter  and  cretinism  are  rare  in  districts 
which  are  rich  in  iodine;  (2)  they  do  occur  frequently,  however,  in 
districts  where  iodine  is  poor  in  natural  products;  and  (3)  iodine 
is  a  specific  preventative  of  goiter.  Since  then  many  analyses  of 
drinking  water  have  been  made,  some  of  which  are  summarized  in 
McClendon’s  recent  book.377  It  is  impossible  to  cite  here  much  of 
the  data  reviewed  by  McClendon  to  show  correlation  between  the 
incidence  of  goiter  and  iodine  in  water.  Fellenberg,1''9  for  example, 
found  that  Effingen  had  1  per  cent  goiter  incidence  and  2.3  gamma 
per  cent  in  drinking  water,  but  Hunzenschwil  and  Kaisten  had  56 
to  62  per  cent  goiter  incidence  and  only  0.04  to  0.8  gamma  per  cent 
iodine  in  water.  Soil  analyses  are  summarized  in  Table  37-  Reith 
studied  Campen  (Holland),  where  goiter  was  nearly  unknown  unti 
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a  hygienic  water  supply  increased  goiter  incidence  to  41  per  cent. 
The  former,  unsafe  water  contained  10  to  20  gamma  per  cent  iodine, 
as  against  1  gamma  per  cent  iodine  in  the  pure  water. 

Of  course,  water  is  not  the  only  factor,  because  imported  foods 
high  in  iodine  content 314  may  protect  the  inhabitants  of  virtual 
goiter  districts.  Likewise,  local  samples  of  water  may  vary  con¬ 
siderably  and  mislead  the  investigator  unless  several  sources  are 
averaged.  Crabtree  and  Mason  add  the  possibility  that  the  mode  of 
combination  of  the  iodine  in  the  ingesta  is  more  important  than  the 
absolute  total  amount,  but  this  point  is  probably  not  often  of  great 
importance.  At  any  rate,  it  is  clear  that  vegetation  growing  in 
iodine-rich  soil  shows  a  high  iodine  content.  This  holds  for  France 
(Chatin,  1850),  Switzerland  (Fellenberg,  1924),  New  Zealand 

TABLE  37 

Iodine  Content  of  Soil  and  Goiter  Rates  in  Switzerland 

Percentage  Iodine 


Locality  of  goiter  (-y/kg.) 

Effingen  .  1.0  11,900 

Hornussen  .  12.1  4,940 

Hunzenschwil  .  56.2  620 

Kaisten  .  61.6  1,400 


From.  J.  F.  McClendon,  Iodine  and  the  Incidence  of  Goiter,  Univ.  of  Minn.  Press.  1939,  p.  11. 

(Hercus,  Benson,  and  Carter,  1925),  the  Argentine  (Mazzocco, 
T929)>  und  the  United  States  (McClendon,  1939) ,  although  of 
course  there  are  individual  exceptions.  Fellenberg  168  found  that  the 
Japanese  “kombu”  might  contain  2.3  mg.  of  iodine  per  kilo.  In¬ 
deed,  McClendon  377  found  that  in  mountainous  Kitakami  and  Chi- 
chibu,  where  no  seaweeds  are  eaten,  goiter  is  present.  The  rest  of 
Japan  is  nearly  free  of  goiter,  presumably  because  seaweeds  are  a 
constant  constituent  of  the  Japanese  diet. 

Inasmuch  as  the  air  is  in  contact  with  soil  and  water,  its  content 
also  varies  in  fairly  close  parallel  with  the  percentages  in  the  latter 
In  goitrous  Alpine  districts  the  iodine  in  the  air  may  fall  to  o  04 
gamma  per  milliliter  of  air.  In  the  Kreuznach  valley,  for  example 
the  concentration  was  6.2  gamma  iodine  per  cubic  meter  of  air’ 
amounting  to  12  or  4o  micrograms  in  the  inspired  air  daily.  Likewise 

importer  may  Ca"y  i0dine'  °bvi0USly’  the  tyPe  °f  is  highly 
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_  Conditioned  Iodine  Deficiency.  Scheffer  has  described  a  “condi¬ 
tioned”  deficiency  state  in  which  goiter  arises  on  an  adequate  intake 
of  iodine.  The  reason  is  faulty  absorption  by  the  intestine.  Similarly, 
the  Mellanby’s  found  that  a  diet  rich  in  unsaturated  fats  produced 
goiter  in  puppies.  Marine  354  pointed  out  that  intestinal  parasites 
may  utilize  iodine  and  so  abstract  it  from  the  net  intake.  Indeed,  in 
the  goitrous  cases  of  Scheffer  and  Megay  484  iodine  turnover  ap¬ 
peared  small.  For  example,  on  a  normal  iodine  intake  (8o  to  ioo 
micrograms)  patients  with  goiter  had  a  low  urinary  excretion  (3  to 
9  micrograms  daily). 


Vitamins  and  Iodine 

Vitamin  A.  Fasold  believes  that  vitamin  A  should  be  regarded  as 
a  controlling  agent  of  thyroid  function.  There  is,  indeed,  consider¬ 
able  evidence  that  this  vitamin  acts  antagonistically  to  the  thyroid 
hormone.  For  example,  large  doses  of  vitamin  A  partly  inhibit  the 
effect  of  thyrotropic  hormone  in  guinea  pigs.  Furthermore,  thy- 
roidectomized  goats  excrete  carotene,  whereas  only  vitamin  A  ap¬ 
pears  in  normal  goat  milk.  In  general,  iodine  metabolism  varies  with 
the  degree  of  thyroid  activity  or  of  thyrotoxicosis  attained  after  a 
new  equilibrium  is  established.  Chidester  (1932),  however,  suspects 
that  the  effectiveness  of  vitamin  A  varies  with  the  amount  of  iodine 
introduced  accidentally  with  the  vitamin,  and  this  factor  must  be 
eliminated  before  a  final  judgment  can  be  given  (Schneider,  1938). 

Vitamin  B  Complex.  In  beriberi  Takasugi  found  at  first  a  marked 
increase  in  blood  iodine  and  in  basal  metabolic  rate;  later  both 
dropped.  The  last  stages  of  vitamin  B  deficiency  show  a  resting 
gland  histologically  and  a  decreased  hormone  content.  Indeed,  rats 
develop  a  sort  of  colloid  goiter  if  their  diets  lack  both  iodine  and 
vitamin  Bi.  In  man,  however,  vitamin  Bj  generally  has  little  influ¬ 
ence  upon  the  thyroid  status.  (Cf.  Carpenter  and  Sharpless,  1937-) 

Vitamin  C.  In  experimental  scurvy  in  guinea  pigs  the  thyroid 
shows  a  picture  of  hyperfunction.  Indeed,  Fasold  (1934)  found 
that  in  C-deficient  animals  the  blood  iodine  may  increase  two-  or 
threefold.  Conversely,  Lohr  342  found  that  in  both  normal  and  thy¬ 
rotoxic  organisms  ascorbic  acid  in  excess  reduces  the  blood  iodine 
(without  affecting  the  basal  metabolic  rate).  Marine  and  Rosen, 
nnd  Flmer  139  (see  p.  337),  found  that  ascorbic  acid  in  large  dose^ 
may  inhibit  the  action  of  thyrotropic  hormone.  No  data  on  iodine 
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excretion  are  available.  In  general,  there  seems  to  be  a  reciprocal 
interaction  between  thyroid  activity  and  both  the  requirement  and 
the  anti-thyroid  effect  of  vitamin  C. 

Vitamin  D.  In  avitaminosis-D  in  young  rats,  Krauss  and  Monroe 
(1930)  found  the  iodine  content  in  the  thyroid  to  be  decreased. 
Although  the  morphological  picture  of  the  thyroid  often  is  that  of 
hyperfunction,  the  blood  iodine  level  in  human  rickets  is  normal. 
Moreover,  there  is  no  direct  effect  of  vitamin  D  on  blood  iodine. 
No  good  data  on  iodine  output  are  available.  (See  p.  103.) 

Relative  Iodine  Deficiency.  Obviously,  the  minimal  need  for 
iodine  varies.  More  hormone  is  needed  in  puberty,  pregnancy,  lac¬ 
tation  and  the  menopause,  —  critical  periods  for  the  development 
of  clinical  goiter.  Likewise,  the  requirement  is  increased  by  inter¬ 
current  causes,  such  as  infections,  disturbances  in  endocrine  and 
vitamin  metabolism,  and  “toxic”  factors,  e.g.,  oatmeal  in  the  diet 
of  mice  and  cabbage  in  that  of  rabbits.  Biochemical  phenomena  may 
intervene,  e.g.,  a  disturbed  ratio  of  calcium  to  iodine,  of  fluoride  to 
iodide,  or  of  other  constituents.  Alimentary  failure  of  absorption  may 
likewise  vitiate  estimates  of  normal  iodine  intake. 

A  few  examples  may  be  given.  In  pregnancy,  inadequate  iodine 
supply  may  lead  to  hyperplasia  of  the  fetal  thyroid  as  well  as  of  the 
maternal  thyroid,  particularly  in  the  last  months  of  gestation  when 
considerable  stores  of  iodine  are  being  laid  down  in  embryonic  tissues. 
After  birth  some  20  micrograms  of  iodine  must  be  supplied  daily  in 
the  milk,  else  the  baby  will  develop  goiter.151  Indeed,  Schmelling  498 
prevented  thyroid  hyperplasia  in  rats,  and  Davis  prevented  it  in 
mothers  and  children,  by  giving  small  doses  of  iodine  during  preg¬ 
nancy  and  lactation. 


Marine  and  his  associates  have  studied  the  cabbage  goiter  of 
Chesney.84  The  presumable  cause  is  an  organic  cvanide  fe.ff.  nwWi 


was  found  by  Coplan  and 
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Sampson  to  induce  thyroid  hyperplasia  in  female  albino  rats.  Simi¬ 
larly,  McCarrison  found  “lymphadenoid  goitre  occurring  in  rats  fed 
on  diets  containing  an  insufficiency  of  vitamin  A.” 

In  man,  Puppel  and  Curtis  442  have  found  that  calcium  varies  in¬ 
versely  with  iodine  balance.  Similarly,  Tanabe  produced  goiter  in 
rats  within  from  three  to  five  months  with  a  low-iodine,  high-calcium 
diet;  and  by  adding  iodine  he  prevented  thyroid  hyperplasia.  Such 
findings  were  construed  as  implicating  the  hard  water  frequently 
found  in  goitrous  districts.  Nevertheless,  Remington  and  Levine  456 
and  others  have  found  no  effect  by  varying  the  calcium-iodine  ratio, 
and  it  seems  likely  that  even  though  iodine  influences  calcium  metab¬ 
olism,  the  converse  is  not  true  generally.  (Cf.  Hellwig,  1940-) 

Kraft  and  May  296  have  advanced  a  similar  point  of  view  for 
fluoride.  They  found  the  fluorine  concentration  to  be  high  (22 
to  29  gamma  per  cent)  in  goitrous  regions,  as  compared  with  14 
gamma  per  cent  (normal).163 

Prophylactic  Dosage  of  Iodine.  Kimball  ~ ‘  '*  has  pointed  out  that 
a  great  argument  in  favor  of  iodine  lack  as  the  precipitating  cause 
of  simple  goiter  is  afforded  by  the  response  of  school  children  to 
iodine  therapy.  In  Cleveland,  from  1924  to  1931,  the  incidence  of 
goiter  dropped  from  36  per  cent  to  2  per  cent.  Because  the  fear  of 
iodothyrotoxicosis  still  prevails,  there  is  much  discussion  as  to  the 
size  of  the  daily  prophylactic  dose.  Elmer  139  (see  p.  499),  recom¬ 
mends  from  50  to  100  micrograms  daily;  Means  384  suggests  1125 
micrograms.  Marine  also  suggests  that  desiccated  thyroid  increases 
the  effectiveness  of  iodide.  For  therapy,  Eggenberger  131  says  the 
dose  should  be  from  80  to  2  50  gamma  iodine,  although  not  all  goiters 
will  recede  because  of  extensive  structural  changes. 


Physiological  Excretion 

Urinary  Iodine.  Urinary  iodine  excretion  depends  upon  the  iodine 
intake  in  food,  water,  and  air.  Thus,  in  a  district  with  0.09  gamma 
per  cent  in  drinking  water,  the  24-hour  excretion  was  47  micro¬ 
grams,  whereas  in  another  district  with  8.9  gamma  per  cent  in  the 
water  it  was  .85  micrograms .«  Consequently,  it  is  more  profitable 
to  study  excretions  in  districts  where  water  and  flora  contain  only 
moderate  concentrations  of  iodine.  Under  stable  conditions  in  such 
districts  individual  variation  is  small,  — not  over  io  to  15  micro 
grams ^  24  hours.  Normally,  about  half  of  the  total  iodine  leaves 
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the  body  by  way  of  the  urine.06  A  few  representative  observations 


follow.  . 

In  Columbus,  Ohio,  nine-year-old  children  excrete  approximately 

41  gamma  daily  and  adults  50  gamma.116  In  Lwow,  values  below 
20  gamma  are  found  only  in  goitrous  individuals,  and  values  above 
50  gamma  frequently  accompany  thyrotoxicosis  119  (see  p.  114)* 
Nevertheless,  70  gamma  occasionally  may  be  found  in  the  urine  of 
normal  individuals.  In  Danzig,  Isenbruch  -(>1  found  6  gamma  per 
cent  iodine  concentration  in  the  urine  of  nursing  infants.  Goats1  6 
excrete  21  gamma  daily  and  dogs  526’528  between  8  and  67  gamma, 
depending  on  the  animal’s  size.  In  cattle  enjoying  an  iodine-rich 
fodder,  however,  urinary  excretion  may  reach  600  gamma.4'6  Ac¬ 
cording  to  McClendon,378  twice  as  much  iodine  may  be  excreted  by 
day  as  by  night.  Indeed,  24-hour  urine  samples  are  essential  in 
careful  studies  of  iodine  metabolism  because  of  hourly  variations.480 
No  doubt  diurnal  assimilation  of  exogenous  iodine  is  largely  respon¬ 
sible  for  such  fluctuations.  In  fasting  animals  excretion  is  more 
uniform,  and  declines  but  slowly. 

Most,  if  not  all,  of  the  urinary  iodine  is  present  as  iodide.  No 
thyroxine  can  be  detected  in  the  urine,154  but  whether  any  diiodotyro- 
sine  is  present  normally  is  not  yet  clear. 

Fecal  Iodine.  Because  almost  no  iodine  is  excreted  in  the  feces  of 
fasting  men,  it  seems  clear  that  fecal  iodine  is  almost  entirely  of 
exogenous  origin.  When  large  doses  of  thyroxine  are  administered 
intravenously  the  large  bowel  actively  excretes  part  of  the  iodine.493 
The  bile  also  contributes  to  fecal  iodine,  because  its  iodine  content 


may  increase  from  9.2  gamma  per  cent,  fasting,  to  45  gamma  per 
cent  after  feeding.146- 147  A  large  part  of  the  biliary  iodine  is  reab¬ 
sorbed  so  that  there  is  a  “circulation”  of  iodine  analogous  to  the 
circulation  of  bile  salts.  Of  course,  unabsorbed  iodine  in  food 
stuffs  also  contributes  to  the  fecal  iodine  concentration.  Conse¬ 


quently,  in  diarrhea  more  iodine  is  eliminated,  along  with  unab¬ 
sorbed  food  stuffs,  whereas  in  constipation  relatively  little  iodine  is 
eliminated.  On  a  routine  diet,  Scheffer  480-483  found  only  from  2  to 
10  gamma  iodine  per  24  hours,  namely,  3  to  9  per  cent  of  the  total 
iodine  excretion.  Cole  and  Curtis 96  found  variable  but  larger 
amounts,  i.e.,  from  6  to  27  per  cent  of  the  intake. 

In  animals  fecal  iodine  appears  to  be  small,  as  judged  from  the 
0  owing  values  for  24-hour  excretion:  for  the  hog,  1.8  micro- 
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grams;  4,0  for  the  goat,  3  micrograms;  106  for  the  rabbit,  9  to  12 
micrograms  139  (see  p.  119).  On  the  contrary,  in  cows  eating  large 
amounts  of  iodine-containing  fodder,  Fellenberg  168  found  as  much 
as  1300  micrograms  per  24  hours. 

The  iodine  excretion  of  normal  individuals  is  increased  by  such 
factors  as  exercise,  which  augment  total  metabolism.  After  exertion, 
urinary  excretion  may  reach  double  the  control  value,378  provided 
excessive  sweating  does  not  divert  iodine  elimination  to  the  skin,  as 
often  happens.  It  is  possible  that  the  increased  blood  and  urinary 
iodine  is  due  to  thyroid  secretion  139  (see  p.  140).  Kommerell293 
found  no  increase  in  basal  metabolism  after  exercise  in  thyroidec- 
tomized  animals.  This  phenomenon  deserves  further  study,  in  view 
of  the  prevailing  opinion  that  the  thyroid  exerts  its  effect  only  after 
a  latent  prodromal  period. 

Other  factors  which  increase  total  metabolism  also  increase  iodine 
elimination.  For  example,  it  is  said  that  mental  excitement  alone 
may  double  the  excretion.168’ 579  Likewise,  a  fever  of  39°C.  may 
treble  the  excretion.168  Very  high  iodine  excretions  —  as  much  as 
3000  micrograms  daily  —  have  been  observed  after  severe  opera¬ 
tions  like  thoracoplasties,114- 111  and  there  is  an  associated  hyperiode- 
mia  which  begins  within  a  few  minutes  after  operation  and  lasts 
for  several  days.  McCullagh  381  believes  that  this  extra  iodine  comes 
from  the  thyroid,  whereas  Curtis  and  Phillips  believe  it  to  be  of 
extrathyroidal  origin.  The  high  iodine  elimination  of  thyroid  dis¬ 
ease  will  be  discussed  in  another  section. 

Excretion  by  Other  Routes.  The  iodine  in  milk,  in  sweat,  and  in 
saliva  has  been  discussed  in  Chapter  IV.  Under  normal  living  condi¬ 
tions  near  the  seacoast,  these  media  play  a  minor  part  in  the  total 
iodine  excretion.  Courrier  and  Aron  104  believe  that  the  thyroid  hor¬ 
mone  can  be  transmitted  through  the  milk  of  bitches  and  so  affect 
the  histological  status  of  the  thyroids  of  puppies.  The  possible 
amount  of  thyroxine  so  transmitted  has  been  estimated  by  ^chemical 
analysis  and,  if  present  at  all,  must  be  exceedingly  small.lijl 

Human  Iodine  Balance 

Thus  far  three  careful  studies  of  iodine  balance  in  normal  human 
subjects  have  been  made,  namely,  those  of  von  Fellenberg, 
Scheffer  480  and  of  Cole  and  Curtis.96  Before  summarizing  these  re¬ 
sults,  it  may  be  profitable  to  outline  the  metabolic  procedure  used 
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by  the  last  investigators  as  representative  of  the  general  method. 
Normal  subjects  or  patients  were  selected  and  their  past  history 
scrutinized  to  exclude  iodine  medication  for  two  months  previously. 
The  subjects  were  provided  with  loosely  woven  cotton  underwear, 
previously  washed  in  doubly  distilled  water.  Each  day  the  subjects 
were  bathed  in  six  liters  of  distilled  water,  and  dried  with  towels 
which  had  been  washed  in  doubly  distilled  water.  Then  underwear 
and  towels  were  rinsed,  first  in  this  water,  and  then  three  times  in 
fresh  distilled  water,  bringing  the  total  volume  of  ablution  fluid  up  to 
ten  liters.  An  aliquot  of  this  fluid  was  saved  until  three  such  were  on 
hand,  when  all  aliquots  were  combined,  because  the  observations 
were  conducted  on  the  basis  of  time  intervals  of  three  days  each. 
Each  day  the  urine,  carefully  collected  throughout  the  24  hours, 
was  made  up  to  two  liters,  and  eventually  three-day  samples  were 
combined  for  analysis.  Fecal  elimination  was  separated  in  point  of 
time  by  feeding  carmine  pigment  every  third  day  half  an  hour  before 
breakfast.  The  feces  were  subdivided,  dried,  and  powdered  for 
analysis. 

The  subjects  were  maintained  at  bed  rest  and  at  constant  weight 
on  a  diet  which  remained  unchanged  day  by  day  throughout  the 
weeks  of  observation.  Uniformity  in  the  food  was  attained  by  using 
canned  foods  bought  in  a  lot  sufficient  for  the  entire  series  of  observa¬ 


tions.  Likewise,  meat  and  potatoes  sufficient  for  the  entire  experi¬ 
ment  were  reserved  at  one  time,  and  a  single  homogeneous  lot  of 
butter  was  used.  Daily  samples  of  the  food  were  weighed  out,  dried, 
and  three-day  samples  combined,  ground,  and  supplemented  with 
salted  butter  and  sugar  appropriately.  Aliquots  of  this  mixture  were 
then  analyzed.  Butter  and  water  were  tested  individually. 

By  such  minute  precautions  it  is  possible  to  attain  balances  within 
10  to  20  micrograms  per  day  for  a  man  taking  in  nearly  200  micro- 
grams  daily.  With  smaller  intakes,  the  error  is  less,  and  with  larger 
intakes  it  may  be  greater.  The  necessity  for  such  complicated  pre¬ 
cautions  is  evident  from  the  fact  that  the  combined  urine  and  stools 
may  account  for  less  than  5o  per  cent  of  the  iodine  intake  even  0t 
uch  a  monotonous  diet.  Sweating  is  the  major  route  through  which 
iodine  excretion  may  be  diverted,  thus  to  reduce  urinary  iodine 
Likewise,  diarrhea  may  increase  feral  irriino  v  •  ^ 

reduce  urinary  elimination  eI“0n  and  *us 


Observations  of  von  Fellenberg.  This  investigator  studied  his  own 
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iodine  balance  on  four  consecutive  levels  of  intake,  i.e.,  17,  55,  75, 
and  80  micrograms  of  iodine  per  day.  He  consumed  the  same  basal 
diet  throughout  the  observations,  and  analyzed  urine,  feces,  sweat, 
and  nasal  secretion.  The  results  of  these  four  successive  states  may 
be  summarized  as  follows. 

I.  Daily  intake  17  micrograms.  Average  total  excretion  per  day 
14  micrograms,  or  84  per  cent,  chiefly  urinary.  Sweat  and  nasal  secre¬ 


tion  15  per  cent. 

II.  Potassium  iodide  added  to  basal  diet  to  make  the  total  intake 
58  micrograms  per  day.  Total  daily  output  averaged  38  micrograms, 
or  67  per  cent  of  the  ingested;  24  micrograms  were  in  the  urine, 
and  6  in  the  sweat  and  nasal  secretion. 

III.  Cod  liver  oil  added  to  the  basal  diet  to  make  the  total  intake 
75  micrograms  per  day.  The  daily  excretion  averaged  37  micro¬ 
grams,  i.e.,  50  per  cent  of  the  ingested.  The  nasal  and  sweat  secre¬ 
tion  accounted  for  about  10  per  cent;  the  urine  for  about  half  of  the 


excretion. 

IV.  Sardines  or  water  cress  added  to  the  diet  to  make  the  daily 
iodine  content  80  micrograms  of  iodine  per  day.  The  urinary  iodine 
averaged  80  per  cent  of  the  ingested.  The  nasal  and  sweat  excre¬ 
tion  was  unaltered.  Fecal  iodine  was  only  slightly  greater  than  in 

observation  I. 

V.  The  basal  diet  of  observation  period  number  I  was  resumed. 
After  five  days  the  subject  had  not  yet  reverted  to  the  initial  balance. 

Observations  of  Scheffer.  Similar  balance  studies,  were  made  by 
Scheffer  on  12  normal  subjects,  at  five  levels  of  iodine  intake,  name  y  : 
S4,  59,  66,  130,  and  155  micrograms  per  day.  The  metabolic  bal¬ 
ance  was  derived  from  summated  excretions  (urine,  feces,  an 
sweat)  over  balance  periods  of  three  or  five  days.  The  results  may 

be  summarized  as  follows. 

I  On  an  intake  of  54  micrograms  per  day  over  9°  per  cent  of  t 
intake  was  accounted  for  in  the  excreta.  In  one  subject  about  60 
per  cent  appeared  in  the  urine,  20  per  cent  in  the  sweat,  and  on  y 

6  PIL  COn  Ibout  650micrograms  of  iodine  per  day,  the  combined  ex¬ 
cretions  of  seven  subjects  ranged  from  30  to  44  per 

'"ni  On  an  intake  of  130  micrograms  per  day,  the  total  excretion 
of  one  individual  was  105  micrograms,  i.e.,  8r  per  cent  of  the  intake. 
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Of  this  amount  57  micrograms  appeared  in  the  daily  urine,  45  in  the 
sweat,  and  only  3  in  the  feces.  Thus  urine  and  feces  together  ac¬ 
counted  for  only  46  per  cent  of  the  intake. 

IV.  On  a  daily  intake  of  155  micrograms,  a  single  individual  ex¬ 
creted  1 16  micrograms  in  the  urine,  24  in  the  sweat,  and  only  about 
5  micrograms  in  feces.  In  this  case  the  urine  alone  contained  7  5 
per  cent  of  the  ingested  material. 

The  most  constant  fact  which  emerges  from  these  rather  variable 
results  selected  from  Scheffer’s  detailed  data  is  the  low  fecal  iodine. 
This  is  important  because  Scheffer  found  from  studies  on  seven  in¬ 
dividuals  with  goiter  accompanied  by  hyperthyroidism,  and  on  six 
additional  patients  suffering  from  Graves’  disease,  that  fecal 481 
iodine  was  several  times  higher  than  the  normal  value.  In  Graves’ 
disease  also,  increased  sweating  led  to  increased  elimination  of  iodine 
through  the  skin.  Despite  the  extra  iodine  thus  diverted  from  the 
total  metabolism,  the  iodine  in  the  urine  tends  to  be  higher  than 
normal.  In  short,  hyperthyroidism  entails  increased  elimination 
through  multiple  channels.  By  contrast,  in  cases  with  goiter  without 
hyperthyroidism,  the  urinary  output  was  regularly  decreased;  but 
sometimes  even  with  hyperthyroidism  the  urinary  output  might  be 
decreased.  In  goiter  alone,  elimination  through  the  lungs  might 
be  increased.  In  Table  36  are  presented  such  values  for  convenient 
comparison  with  the  normal  values  obtained  by  Scheffer,  although 
these  pathological  balances  will  be  discussed  later  in  this  chapter. 
Similar  data  of  Puppel  and  Curtis  are  reproduced  in  Fig.  26. 

Observations  of  Cole  and  Curtis.  These  investigators  studied  two 
normal  subjects  (A  and  B),  and  a  third  subject  (C),  with  essential 
hypertension.  In  addition  they  studied  two  subjects  (D  and  E), 
suffering  from  hyperthyroidism.  All  of  these  subjects  were  main¬ 
tained  on  a  monotonous  diet  already  described.  In  general,  the  re¬ 
sults  were  in  fairly  good  agreement  with  those  of  von  Fellenberg 
and  Scheffer  except  that  fecal  iodine  was  somewhat  higher.  They 
found  that  at  times  less  than  50  per  cent  of  the  intake  may  appear  in 
the  urine  and  feces  combined.  Some  of  the  details  follow. 

Subject  A,  white  male ,  age  28  years.  Received  156  micrograms 
of  iodine  daily.  The  average  daily  excretion  was  47  micrograms  in 
the  urine,  27  in  feces  (totaling  74  or  47  per  cent).  The  negative 
balance  was  therefore  82  micrograms.  Similar  observations  on  an- 
other  normal  male  are  given  in  Table  38. 
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Subject  B ,  white  female,  age  31  years.  Ingested  56  micrograms 
of  iodine  daily.  The  average  output  daily  was  35  micrograms  in  the 
urine,  9  in  feces,  totaling  44  micrograms  daily,  or  79  per  cent  of 
the  intake. 

Cole  and  Curtis  point  out  that  subject  A  had  a  continuously  moist 
skin  and  was  restless,  whereas  subject  B  had  a  dry  skin  and  remained 
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Fig.  26.  Average  iodine  balances  of  three  normal  individuals  (at  left)  compared 
with  average  iodine  balances  of  three  patients  with  exophthalmic  goiter  (at  right). 
Even  in  the  normal  individuals,  the  excretion  of  iodine  was  greater  than  the  mtak  . 
In  the  hyperthyroid  individuals  this  negative  iodine  balance  was  increased  nearly 
threefold,  largely  due  to  increased  fecal  elimination. 

From:  I.  D.  Puppel  and  G.  M.  Curtis,  Arch.  Path.  2d:  mi.  1938. 


TABLE  38 

Data  for  J.  R.,  A  Normal  White  Man  Aged  56 
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quietly  in  bed.  Unfortunately,  the  excretion  of  sweat  in  these  two 
subjects  was  not  studied. 


Subject  C,  white  female ,  age  38  years ,  with  essential  hypertension. 
The  intake  was  39  micrograms  of  iodine  daily;  the  output  averaged 
22  micrograms  in  the  urine,  10  in  the  stool  (totaling  32  micrograms, 
or  82  per  cent),  and  19  in  the  sweat.  Thus  the  negative  balance  was 
12  micrograms  per  day. 

Subject  D,  white  female ,  age  24  years ,  suffering  from  Graves'  dis¬ 
ease.  The  basal  metabolic  rate  was  plus  28  per  cent.  When  the  intake 
of  iodine  was  162  micrograms  daily,  the  output  was  partitioned  as 
follows:  46  micrograms  in  the  urine,  94  in  the  stool  (totaling  140  or 
86  per  cent),  and  15  in  the  sweat.  Thus  the  total  excretion  was  155 
micrograms  daily  with  a  positive  balance  of  7.  When  the  intake  was 
147  micrograms  daily,  the  output  was  partitioned  as  follows:  46 
micrograms  in  the  urine,  97  in  the  stool  (totaling  143,  or  97  per  cent), 
and  27  in  the  sweat.  Thus  the  total  excretion  was  170  micrograms 
daily,  with  a  negative  balance  of  24. 

Subject  E,  white  female ,  age  24  years ,  suffering  from  goiter  with 
hyperthyroidism.  Basal  metabolic  rate  was  plus  65  per  cent.  When 
the  intake  was  158  micrograms  daily,  the  urine  contained  116,  the 
feces  43  (totaling  159  or  101  per  cent),  and  the  sweat  23.  Thus 
the  combined  excretion  was  182  micrograms  daily  and  the  patient 
was  in  negative  balance  to  the  extent  of  24  micrograms.  When  the 
intake  was  increased  to  336  by  the  addition  of  potassium  iodide  to 
the  basal  diet,  the  excretion  was  partitioned  as  follows:  172  micro¬ 


grams  daily  in  the  urine,  237  in  feces  (totaling  409  or  122  per  cent), 
and  18  in  the  sweat.  Thus,  the  combined  daily  excretion  was  427 
micrograms,  indicating  a  negative  balance  of  91. 

The  large  negative  balance  in  this  last  case  may  possibly  be  the 
result  of  inunctions  of  the  neck  which  the  patient  had  stopped  after 
two  months  of  use,  a  fortnight  before  entering  the  hospital.  It  is 
evident,  however,  that  both  subjects  D  and  E  showed  a  negative  bal¬ 
ance  and  it  is  entirely  conceivable  that  depletion  (a)  of  the  thyroid 
reserve,  and  ( b )  of  the  wasting  skeletal  muscles  might  account  en¬ 
tirely  for  the  high  loss  of  iodine.  The  high  fecal  iodine  encountered 
in  these  two  patients  with  hyperthyroidism  is  characteristic  and  will 
be  commented  upon  later.  It  is  presented  here  for  purposes  of  con¬ 
venient  comparison.  ......  a  .  nn 

Fasting  Iodine  Excretion.  Fasting  has  relatively  little  effect  on 
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the  total  excretion  of  iodine  in  a  well  nourished  individual.  To  be 
sure,  the  fecal  iodine  rapidly  disappears;  only  0.4  microgram  per 
day  is  found.  The  iodine  reserves,  however,  maintain  a  normal 
urinary  excretion  for  many  days  or  weeks,  depending  on  the  original 
richness  of  the  diet  in  iodine.  The  average  “endogenous”  urinary 
iodine  excretion  was  found  by  Sturm  526  to  be  18  micrograms  in  dogs 
which  had  fasted  for  four  days.  In  thyroidectomized  dogs,  however, 
fasting  produces  a  rapid,  marked  drop,  and  the  total  excietion  may 
approach  zero.  Presumably,  the  greater  part  of  endogenous  iodine 
elimination  is  linked  up  with  thyroid  activity,  directly  or  indirectly. 
Of  course,  after  a  depletion  of  iodine  reserves  by  fasting,  restoration 
of  a  normal  diet  is  accompanied  by  a  temporary  retention  which 
causes  a  negative  iodine  balance. 

Pharmacological  Effects  of  Administered  Iodine 

Although  it  has  been  demonstrated  that  the  dermatitis  of  iodism  is 
accompanied  by  abnormal  elimination  of  iodine  through  the  skin,419 
this  situation  must  be  highly  abnormal.  After  the  administration 
of  potassium  iodide,  diiodotyrosine,  or  thyroxine,  approximately  90 
per  cent  of  the  iodine  in  question  eventually  can  be  found  in  feces 
and  urine.* 


Iodide 


The  administration  of  iodide  produces  no  increased  elimination  in 
the  expired  air.168  Increase  in  salivary  iodine  has  already  been  com¬ 
mented  upon;  the  absolute  amount  excreted  is  very  small.  In  lac- 
tating  animals  the  milk  likewise  contains  more  iodine,477  but,  like 
saliva,  it  accounts  for  only  a  few  per  cent  of  the  extra  iodine. 
Scharrer  studied  this  effect  in  lactating  goats.  In  30  minutes  after 
oral  administration  of  7.5  mg.  of  iodide  the  concentration  in  the  milk 
had  increased  twentyfold.  Six  hours  later  it  reached  73  gamma 
per  cent,  and  resumed  normal  levels  only  four  days  later.  The  iodine 
is  in  the  skimmed  milk  fraction.  In  cows,  likewise,  a  small  per¬ 
centage  of  the  extra  iodine  appears  in  the  milk.168- 435  Similar  results 
were  found  by  Fellenberg  in  lactating  women. 

Although  under  strictly  physiological  conditions  iodine  leaves  the 


•Szasz  reported  a  striking  finding  with  diiodotyrosine,  ie  that  over  ,n 
excreted  by  the  kidney,  as  against  59  gatnnta  by  the  skin.  6  ”8'  W"e 
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body  chiefly  as  inorganic  iodide  in  the  urine,  when  therapeutic  (or 
toxic)  doses  of  iodine-containing  compounds  are  given,  excretion 
either  by  the  kidney  or  by  the  intestine  may  predominate,  according 
to  circumstances.  Ordinarily,  the  brunt  of  the  excretion  of  extra 
iodine  administered  is  borne  by  the  kidney.  To  a  lesser  extent  the 
bowel  participates,  partly  by  virtue  of  biliary  secretion. 

Renal  Elimination.  Iodide,  given  by  mouth  in  a  single  dose  of 
2  grams,  increases  the  urinary  iodide  markedly  for  48  hours  and 
affects  urinary  iodide  excretion  for  over  a  week.  As  much  as  92  per 
cent  of  the  added  iodide  can  be  recovered  in  the  urine  in  eight  days.1 
When  small  doses  of  iodide  are  given  (i.e.,  under  0.1  gram)  a  higher 
percentage  is  retained,  especially  in  the  thyroid.150  The  peak  of  the 
iodide  excretion  is  then  reached  in  less  than  six  hours,  and  with  these 
smaller  doses  urinary  iodine  begins  to  approach  normal  after  24 
hours  139  (see  p.  170).  Between  21  and  32  per  cent  of  the  small 
dose  administered  appears  in  the  urine  on  the  first  day.  This  frac¬ 
tion  may  be  altered  in  thyroid  disorders,  as  described  in  Chapter 
XI.137 

As  regards  the  elimination  of  iodides  by  the  kidney,  only  a  small 
part  is  excreted  by  filtration  through  the  glomeruli;  185  most  of  the 
iodine  is  contributed  by  active  tubular  secretion.  Functional  tests 
of  the  kidney  actually  have  been  devised  on  this  basis.  For  example, 
a  patient  with  chronic  nephritis,  after  ingesting  1  gram  of  potassium 
iodide  may  excrete  only  15  to  20  per  cent  of  the  iodine  in  the  urine, 
as  against  70  per  cent  for  a  normal  man. 

Fecal  Elimination.  After  the  administration  of  iodides,  by  mouth 
or  parenterally,  mere  traces  are  eliminated  by  the  bowel  of  dogs  and 
man.1  In  intestinal  diarrhea,  however,  larger  amounts  may  be  ex¬ 
creted,168  up  to  perhaps  one-fourth  of  the  extra  iodine.  In  cows,  on 
the  contrary,  considerable  amounts  of  the  extra  iodine  may  appear 
regularly  in  the  feces.430 

Organic  Iodine  Compounds 

Renal  and  Fecal  Elimination.  When  diiodotyrosine  is  given  in 
large  doses  by  mouth,  much  of  the  iodine  appears  in  the  urine,  i.e., 
89  per  cent  in  rabbits,420  66  per  cent  in  dogs,1  and  a  like  quantity  in 
rats.177  In  man,  Elmer  150  recovered  32  per  cent  on  the  first  day. 
Much  of  the  iodine  so  eliminated  represents  diiodotyrosine  decom¬ 
posed  in  the  blood  and  tissue,  rather  than  pre-existing  iodide.  This 
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inferred  from  the  lag  and  slow  elimination  of  this  iodine  as  com¬ 
pared  with  potassium  iodide.150  About  20  per  cent  of  the  iodine  is 
recovered  in  the  feces  of  dogs,1  about  3  per  cent  in  rabbit  feces,  “ 
and  10  per  cent  in  rat  feces.177  After  the  intravenous  injection  of 
diiodotyrosine,  only  a  few  per  cent  are  recovered  from  the  feces; 
accordingly,  urinary  iodine  elimination  is  slightly  higher  than  after 
oral  administration,  namely  76  per  cent  as  against  66  per  cent. 

Thyroxine.  The  elimination  of  iodine  after  the  feeding  of  thyroxine 
or  its  derivatives  varies  with  the  solubility  of  the  preparation  used.044 
For  example,  when  a  man  ingested  2  mg.  (i.e.,  1300  gamma  iodine) 
in  alkaline  solution ,  7  per  cent  of  the  iodine  was  recovered  in  the 
urine  in  six  hours,  and  14  per  cent  in  24  hours.1’0  By  contrast,  when 
the  same  amount  of  crystalline  thyroxine  was  given  by  mouth,  only 
1  per  cent  was  excreted  in  the  urine  in  six  hours,  and  only  6  per  cent 
in  24  hours.  Accordingly,  the  feces  alone  may  yield  54  per  cent  of 
the  iodine  so  fed  within  24  hours,  and  86  per  cent  in  a  few  days.493 
Likewise,  certain  dogs  given  huge  doses  of  crystalline  thyroxine 
(60  mg.)  by  mouth  excreted  only  from  5  to  9  per  cent  of  the  iodine  in 
the  urine,25  whereas,  in  certain  other  dogs  fed  an  alkaline  thyroxine 
solution,  only  9  per  cent  was  excreted  by  feces.  Naturally,  if  intes¬ 
tinal  absorption  is  poor  (and  consequently  the  fecal  excretion  high), 
the  urinary  elimination  will  be  low. 

Even  after  a  single  large  parenteral  administration  of  thyroxine, 
nevertheless,  the  urinary  iodine  elimination  is  small  and  markedly 
delayed/'2  although  the  extra  urinary  iodine  continues  to  be  detected 
for  several  days.  A  partial  explanation  of  the  low  fraction  of  thy¬ 
roxine  iodine  eliminated  by  the  kidney  is  the  elimination  by  the 
liver  and  bowel.  In  the  rat,  after  the  intravenous  injection  of  1.8  mg. 
of  thyroxine,  almost  87  per  cent  of  the  iodine  appears  in  the  feces,298 
but  in  dogs  much  less  fecal  excretion  occurs  in  14  hours,  i.e.,  334 
gamma  of  6500  gamma  iodine  given  as  thvroxine.493 

The  mechanism  of  this  fecal  excretion  is  multiple.  (j)  Part  of 
the  medication  is  not  absorbed,  (a)  The  bile  eliminates  iodide  and 
probably  also  some  organically  bound  iodine.  (3)  The  large  bowel 
excretes  iodide.  Thus,  Schittenhelm  and  Eisler  found  that  even  the 
partially  isolated  large  bowel  responded  to  the  intravenous  injection 
of  thyroxine.  Within  two  hours  the  iodine  in  bowel  contents  had  in¬ 
creased  from  3  to  26  gamma,  and  in  14  hours  to  76  gamma.  (4)  The 
stomach  wall  excretes  iodine  and  (5)  so  does  the  parotid  326  Prob 
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ably  a  complicated  combination  of  excretion  and  reabsorption  takes 
place  in  the  intact  animal. 

Iodine  Elimination  by  the  Liver 

Whereas  the  simpler  iodine  compounds  are  eliminated  by  the  kid¬ 
ney,  more  complex  compounds  are  eliminated  by  the  liver,  which  also 
can  destroy  these  iodine  compounds.  It  is  very  likely  that  the  natural, 
endogenous  thyroid  hormone  is  similarly  decomposed  and  excreted. 
The  hepatic  cells  themselves  probably  eliminate  the  iodine,  because 
the  biliary  iodine  is  not  diminished  by  the  blocking  of  stellate  cells, 
but  does  decline  with  injury  to  hepatic  cells  from  phosphorus  or 
chloroform.366 

The  iodine  excreted  in  the  bile  varies  markedly  with  the  diet  and 
the  season.  In  the  fasting  animal  the  level  in  bile  is  similar  to  that 
of  blood,  i.e.,  4  to  14  gamma  per  cent.148  *  After  the  ingestion  of 
iodine-containing  fodder,  the  rabbit’s  bile  may  rise  to  55  gamma  per 
cent  within  three  hours.  Similarly,  in  cattle  the  summer  biliary  iodine 
excretion  may  be  more  than  double  that  in  winter,  due  to  greater 
iodine  intake  in  fodder.434  In  consequence,  wide  variations  in  biliary 
iodine  are  recorded  in  the  literature,  i.e.,  in  cattle  from  7  to  26  gamma 
per  cent;  434  in  rabbits  from  20  to  62  gamma  per  cent;  374  in  dogs 
from  16  to  115  gamma  per  cent.493 

In  this  way  the  liver  controls  the  level  of  iodine  compounds  in  the 
circulation  and,  indirectly,  in  the  tissues.  Indeed,  the  biliary  concen¬ 
tration  responds  more  markedly  to  iodine  intake  than  does  the  blood. 
Thus,  with  a  rise  in  blood  iodine  (after  feeding)  from  13  to  16  gamma 
per  cent,  a  rise  in  biliary  iodine  occurs  from  9  to  45  gamma  per 
cent.148  At  best,  relatively  little  extra  iodide  is  eliminated  by  the 
bile  even  when  it  is  given  intravenously.  Thus,  in  12  hours  only  5 
per  cent  of  1300  micrograms  iodine  injected  as  potassium  iodide  are 
recovered,148  because,  although  there  is  a  continuous  biliary  excre¬ 
tion  after  the  intravenous  administration  of  iodide,  it  is  weak.-98  The 
biliary  iodine,  in  turn,  is  reabsorbed  in  part  by  the  intestine,  so  that 
only  from  9  to  12  micrograms  of  iodine  are  found  in  the  24-hour  feces 
when  the  corresponding  biliary  output  is  as  high  as  62  to  162  micro¬ 
grams  daily.148  , 

Organic  Iodine  Compounds  in  the  Liver.  Whereas  the  liver  deals 

with  relatively  little  inorganic  iodide,  it  is  peculiarly  adapted  to  han- 

*  This  “endogenous”  excretion  increases  in  hyperthyroidism,  as  explained  earlier. 


IODINE  BALANCE 

dling  organic  iodine  compounds.  Following  the  absorption  from  the 
intestine  of  a  substance  like  tetraiodophenolsulphonphthalein,.  the 
iodine  compound  proceeds  by  way  of  the  portal  vein  to  the  liver. 
Here  it  is  temporarily  retained,  a  process  called  “iodopexis  by 
Franke  183  and  quite  analogous  to  homeostatic  mechanisms  which 
deal  with  a  wide  variety  of  other  substances.  After  a  large  dose  of 
“thyroidin”  Zawadowsky  and  Asimoff  584  were  unable  to  find  hor¬ 
mone  in  the  blood  until  some  four  hours  had  elapsed,  and  during  this 
time  the  liver  is  known  to  accumulate  hormone.  From  about  5  to  20 
hours  after  administration,  the  blood  is  strongly  positive  to  biological 
test,  largely  due  to  a  reflux  of  hormone  into  the  circulation.  Mean¬ 
time,  elimination  of  iodine  into  the  bile  also  tends  to  reduce  the 
liver  iodine  concentration  further,  as  iodine  compounds  are  progres¬ 
sively  concentrated  in  the  gallbladder  bile  —  a  fact  which  Graham  203 
applied  in  cholecystography.  It  should  be  noted,  of  course,  that 
these  observations  are  distinctly  unphysiological,  but  are  of  consider¬ 
able  pharmacological  interest. 

The  liver  handles  proportionately  more  diiodotyrosine  than  iodide, 
and  even  more  thyroxine,  once  these  substances  have  reached  the 
blood.298  It  tends  to  decompose  thyroxine,  but  is  less  efficient  when 
large  doses  are  administered.  When  thyroxine  is  administered  to 
animals  and  the  bile  assayed,  definite  amounts  of  hormone  can  be 
detected,  although  less  than  its  iodine  content  indicates.  Probably 
between  one-half  and  two-thirds  of  the  thyroxine  can  be  eliminated, 
undecomposed,  in  the  bile,  as  judged  by  chemical  fractionation.35- 585 
When  thyroxine  is  given  by  mouth,  or  directly  into  the  intestine, 
however,  only  a  few  per  cent  of  the  iodine  appear  in  the  bile,  i.e., 
1  to  2  per  cent,489  or  7  to  10  per  cent  at  the  highest.25  After  the 
parenteral  administration  of  thyroxine,  however,  widely  varying  per¬ 
centages  for  biliary  iodine  elimination  appear  in  the  literature,  e.g., 
43  per  cent;  47  per  cent;  2!,s  15  to  47  per  cent;  32  5  to  7  per  cent.148 
Several  factors  may  conceivably  explain  these  variations;  for  ex¬ 
ample,  toxic  damage  to  liver  parenchyma,  or  the  effect  of  various 
anesthetics  on  iodine  in  body  fluids.314- 497  The  duration  of  the  experi¬ 
mental  period  during  which  elimination  is  followed  also  influences 
the  results.  When  thyroxine  is  administered  in  peptone  combination 
(as  dry  thyroid),  urinary  excretion  preponderates  over  biliary 
excretion.  Thus,  after  feeding  “thyroidin,”  only  5  or  6  per  cent  of 
the  iodine  is  found  in  the  bile,  compared  with  93  to  95  per  cent  in  the 
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urine.-’  This  difference  from  thyroxine  may  be  due  in  part  to  the 
greater  solubility  of  protein  and  to  the  diiodotyrosine  present  in 
thyroidin.  Hepatic  action  also  contributes,  however,  because 
after  a  large  dose  of  “thyroidin”  the  hormone  can  be  detected  easily 
in  the  liver,  but  is  found  to  be  largely  decomposed  in  the  bile.584 

Thyroid  Disturbance 

Hypothyroidism.  After  thyroidectomy  in  dogs  the  urinary  iodine 
increases  to  about  double  for  nearly  two  weeks,  whereupon  the  ex¬ 
cretion  returns  to  normal  levels.526  *  This  is  the  period  in  which  the 
endocrine  stores  of  iodine  are  declining,  as  explained  in  Chapter  II. 
In  man,  the  average  daily  loss  for  a  week  after  operation  is  about 
601  gamma  (ranging  from  n  gamma  to  2635  gamma);  later  the 
level  is  normal.114  In  the  athyreotic  organism,  a  few  days’  fast  suffices 
to  reduce  urinary  iodine  to  almost  nothing,  whereas  in  normal  animals 
much  less  decrease  occurs.  This  low  endogenous  catabolism,  how¬ 
ever,  is  highly  abnormal  because  in  myxedema  several  endocrine 
glands  are  presumably  “sick”  and  unable  to  maintain  their  normally 
high  stores  of  iodine.  On  resumption  of  feeding  after  a  fast,  the 
urinary  iodine  again  increases,  but  more  so  in  the  athyreotic  than 
in  the  normal  organism,  whose  thyroid  and  other  tissue  stores  must 
be  replenished. 

In  clinical  cases,  urinary  iodine  is  usually  within  normal  limits.494 
Elmer  and  Scheps  155  found  a  daily  range  of  from  40  to  42  micro¬ 
grams;  in  only  one  case  of  several  was  it  very  low,  i.e.,  10  micrograms. 
The  urinary  concentration  of  iodine  was  likewise  normal.  Obviously, 
the  amount  of  exogenous  iodine  intake  is  the  controlling  factor  in 
the  excretion  of  these  individuals.  The  feces  show  normal  values, 
i.e.,  2  to  11  micrograms  for  24  hours.494  A  characteristic  balance  is 
shown  in  Fig.  27. 

When  fasted  dogs  are  given  food  high  in  iodine,  the  normal  animal 
is  able  to  store  iodine  better  than  the  athyreotic.526  Under  ordinary 
circumstances  the  urinary  iodine  excretion  is  like  the  normal,  al¬ 
though  more  erratic.  With  thyroidectomized  goats,  however,106  the 
feeding  of  potassium  iodide  elevates  the  iodine  elimination  during  the 
first  few  days  both  in  milk  and  in  urine,  and  does  so  faster  and  more 
markedly  than  in  normal  goats.  In  five  days,  for  example,  the  urine 

*  In  thyroidectomized  goats,  even  the  iodine  in  the  colostrum  or  milk  may  fall  to  a 
trace.108 
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may  contain  99  per  cent  of  the  iodine,  as  against  31  per  cent  in  the 
urine  of  normal  animals.  Even  after  painting  the  skin  with  tincture 
of  iodine,  the  hypothyroid  animal  may  show  a  more  rapid  elimina- 

tion.108 

In  the  clinic,  similar  observations  have  been  made  in  cretinism  443 
and  in  human  myxedema 139  (p.  451) ;  during  the  first  six  hours  after 
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administering  iodide  the  difference  from  the  normal  is  marked.  Fur- 
thermore,  the  difference  varies  with  the  degree  of  hypothyreosis 
As  stated  elsewhere,  these  results  depend  upon  fixed  conditions  of 
dosage  and  time.  Despite  Schittenhelm  and  Eisler’s  494  finding  of  a 
decreased  elimination,  it  seems  likely  that  Elmer’s  results  are  con¬ 
sistent  and  useful  when  the  proper  conditions  are  observed  Thev 
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When  thyroxine  is  administered  to  myxedematous  men,  extra 
iodine  appears  in  the  feces  and  urine.493  In  myxedema  the  urinary 
excretion  predominates,  whereas  in  euthyroidism  and  in  thyrotox¬ 
icosis  the  reverse  is  true.  When  undissolved  thyroxine  crystals  are 
fed,  only  26  per  cent  are  retained  in  the  body,  as  against  47  per  cent 
after  intravenous  therapy;  accordingly,  the  extra  urinary  iodine,  i.e., 
iodide,  excretion  is  lower.  Boothby,  Buckley,  and  Wilhelmj 58  sug¬ 
gest  that  there  is  a  slower  destruction  of  thyroxine  in  the  hypothy¬ 
roid  organism  than  in  the  normal,  in  view  of  their  finding  that  the 
athyreotic  dog  derives  more  calorigenic  effect  from  thyroxine  than 
the  normal  dog. 

Hyperthyroidism.  In  hyperthyroidism  one  would  naturally  ex¬ 
pect  to  find  an  increased  excretion  of  iodine.  In  mild  cases,  however, 
the  iodine  excretion  may  be  normal,  presumably  due  in  part  to  the 
retrapping  of  iodine  from  destroyed  hormone.  In  Lwow,  where  the 
normal  urinary  iodine  averages  from  20  to  40  micrograms  daily, 
Elmer  found  57  to  133  micrograms  in  severe  hyperthyroidism,  and 
the  iodine  concentration  in  the  urine  may  reach  17  gamma  per  cent. 
Other  observers  report  similar  values  for  daily  excretion,  e.g.,  from 
55  to  949  micrograms,  averaging  171  micrograms,115  and  from  8  to 
290  micrograms.482  Representative  values  are  given  in  Table  39. 
Elmer  and  Scheps  154  studied  the  increased  urinary  iodine  by  chem¬ 


ical  analysis  and  were  unable  to  find  thyroxine-like  material  present. 
Apparently  the  hormone  is  decomposed  before  excretion. 

When  urinary  iodine  is  high,  the  blood  level  and  metabolic  rate  are 
usually  also  elevated,  though  not  necessarily  in  proportion.  During 
preoperative  excitement  there  may  be  very  high  urinary  excretion 
(e.g.,  949  micrograms  of  iodine).114  Likewise,  the  onset  of  menstrua¬ 
tion  in  the  hyperthyroid  woman  may  induce  a  slight  increase.  Elim¬ 
ination  by  other  paths  may  also  be  increased.  Doubtless  sweating 
by  the  moist,  flushed  skin  in  Graves’  disease  plays  an  important  role 
in  diverting  the  outgoing  stream  of  iodine.  Occasional  cases  of  human 
hvperthyroidism  show  a  normal  iodine  excretion  in  the  urine  *  be¬ 
cause  of  increased  loss  by  sweat  and  feces,  and  not  infrequent  y 
patients  show  more  than  a  normal  amount  of  iodine  in  the  swea  . 
Likewise,  Scheffer  found  increased  iodine  in  the  expired  air,  amoun  - 

ing  to  (roughly)  14  to  26  micrograms.  .  ~  px_ 

Biliary  elimination  of  endogenous  iodine  increases  also.  ‘ 

ample,  in  a  case  of  moderate  hyperthyroidism  with  a  blood  iodine 
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23  micrograms  per  cent  and  a  daily  urinary  excretion  of  87  micro¬ 
grams  139  (p.  383),  the  bile  showed  a  concentration  of  18  to  19  micro¬ 
grams  per  cent.  Even  though  partial  reabsorption  in  the  intestine 
would  tend  to  lessen  this  effect,  as  much  as  43  to  237  micrograms  of 
iodine  daily  may  be  excreted  in  feces.96  Scheffer’s  482  values  were 
7  to  1 18  micrograms.  Of  course,  the  fecal  excretion  varies  inversely 
with  excretion  in  urine  or  sweat. 

In  summary,  then,  there  is  a  tendency  to  negative  iodine  balance 
in  hyperthyroidism.  In  mild  cases  it  may  be  imperceptible,  but  in 
severe  cases  it  may  exceed  200  micrograms  of  iodine  daily.  This 
depletion  of  iodine  occurs  by  the  combined  effect  of  several  routes 
of  excretion.534  In  non-toxic  nodular  goiter,  as  shown  in  Table  40, 
the  iodine  excretion  is  normal;  whereas  in  toxic  nodular  goiter  ex¬ 
cessive  catabolism  leads  to  depletion  of  the  iodine  reserves.  Elmer 
points  out  that  in  severe  cases  the  reserve  of  iodine  in  thyroid  would 
be  depleted  in  from  three  to  eight  months,  unless  extra  iodine  were 
supplied.  The  gland  presumably  retraps  part  of  the  iodine  from  de¬ 
composed  hormone  and  uses  it  again  for  fresh  hormone.  Even  so, 
Perkin  and  Hurxthal 431  have  reported  cases  of  neglected  severe 
“thyrotoxicosis”  with  normal  blood  iodine  levels  and  only  moder¬ 
ately  increased  basal  metabolic  rate,  despite  clinical  evidence  of 
marked  Graves’  disease.  Studies  of  iodine  balance  in  such  cases 
would  be  extremely  interesting. 

Immediately  after  surgical  treatment  of  hyperthyroidism,  an 
excessive  elimination  of  urinary  iodine  occurs.  Presumably,  part  of 
the  extra  iodine  excretion  after  thyroid  surgery  comes  from  manipu¬ 
lation  of  the  thyroid,525  but  much  of  it  may  come  from  extrathyroidal 
tissues.  Indeed,  human  patients  after  undergoing  simple  thoraco¬ 
plasties  may  lose  2515  to  3109  micrograms  of  iodine  in  the  first  day 
after  operation,  a  loss  even  greater  than  that  after  thyroidectomy.114 
After  roentgen  therapy  delivered  over  the  thyroid  in  a  single  case, 
Elmer139  (p.  416)  found  that  a  fall  in  urinary  output  occurred  as 
the  hyperiodemia  and  basal  metabolic  rate  decreased.  More  data 

are  needed. 

Rowe  464  pointed  out  that  hepatic  disturbance  was  more  frequent 
in  Graves’  disease  than  in  any  other  endocrine  disease.  Indeed,  a 
wide  variety  of  liver  lesions  is  found  in  hyperthyroidism,4- and  such 
disturbance  is  regarded  by  some  clinicians  as  a  characteristic  feature 
of  the  disease.  Perhaps  this  phenomenon  is  partly  explicable  on  the 
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B.S.,  No.  370995.  female,  age  35;  preoperative  diet  2230  calories,  52  grams  protein;  nontoxic  nodular  goiter. 
K.J.,  No.  300303,  female,  age  31;  toxic  nodular  goiter;  diet  2600  calories,  64  grams  protein. 

From:  I.  D.  Puppel  and  G.  M.  Curtis,  J.  Clin.  Investigation,  17:  731-732.  1938. 
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basis  of  the  increased  amount  of  hormone  with  which  the  liver  deals. 
As  explained  elsewhere,  this  functional  strain  is  apparently  so  great 
that  the  liver  fails  to  destroy  all  of  the  hormone  before  eliminating 
it  in  the  bile.32  Moreover,  the  histological  condition  can  be  simulated 
by  giving  excessive  doses  of  thyroxine  or  thyroid  to  normal  animals.128 

Simple  Goiter.  The  urinary  iodine  excretion  tends  to  be  low  in 
goitrous  districts.168  Fecal  iodine,  however,  tends  to  be  approxi¬ 
mately  normal,  i.e.,  from  5  to  14  gamma  per  cent  (normal  values  are 
3  to  5  gamma  iodine).484 

The  goitrous  individual  traps  iodine  more  efficiently  than  the 
normal.241  Thus,  when  large  doses  of  inorganic  iodide  are  ingested 
by  patients  with  simple  goiter,  they  eliminate  only  about  one-fourth 
of  it  in  the  urine  in  two  days,  whereas  normal  controls  excrete  one- 
half.483'218  Similarly,  with  a  small  intravenous  dose  and  a  shorter 
time  interval,  Elmer  found  3  to  19  per  cent  elimination  in  goiter  (nine 
cases),  whereas  the  extreme  low  limit  of  normal  is  12  per  cent. 


CHAPTER  X 


RADIOACTIVE  IODINE 

During  the  past  decade  great  advances  have  been  made  in  bio¬ 
chemical  research  through  the  use  of  “tagged”  atoms.  Some  of  the 
most  effective  pioneer  work  of  this  sort  was  done  by  Schonheimer 
with  heavy  hydrogen  and  heavy  nitrogen.  About  the  same  time 
Hevesy  243  and  his  collaborators,  and  August  Krogh,300  initiated 
their  studies  with  radioactive  phosphorus;  and,  with  the  development 
by  Curie,  Joliot,  Fermi,  E.  O.  Lawrence,308  and  others  of  the  field 
of  radioactive  isotopes,  this  latter  method  of  tagging  substances  has 
proved  increasingly  valuable.  In  1938  Hertz,  Roberts,  and  Evans  _4<> 
reported  physiological  studies  with  radio-iodine  which  were  under¬ 
taken  in  1937,  but  at  the  time  these  experiments  were  begun  the  use¬ 
fulness  of  the  method  was  limited  by  the  fact  that  the  half-life  of  the 
sole  isotope  then  available  was  only  25  minutes.  In  consequence,  as 
was  pointed  out  also  by  Hamilton,217  who  began  investigations  in 
1938,  studies  making  use  of  this  short-lived  material  could  not  profit¬ 
ably  be  pursued  for  a  period  much  longer  than  two  hours.  Meantime, 
in  1938,  the  possibilities  were  greatly  extended  by  the  discovery  of 
three  other  radioactive  isotopes  of  iodine  by  Livingood  and  Sea- 
borg,3-9  and  by  Tape  and  Cork,530  so  that  now  observations  extending 
over  a  period  of  several  weeks  are  feasible.  Thus  far  the  isotope 
which  has  been  used  most  is  that  with  an  atomic  weight  of  13 1,  be¬ 
cause  it  has  a  half-life  of  eight  days  and  can  most  readily  be  prepared 
with  high  intensities  of  radioactivity. 

Such  tagged  radioactive  elements  behave  chemically  exactly  like 
the  natural  elements,  as  pointed  out  by  Goudsmit.200  Consequently, 
in  their  history  within  the  animal  organism,  they  suffer  the  same  fate 
as  their  fellow  atoms  which  are  not  radioactive.219  Usually,  only  one 
such  atom  exists  among  many  hundred  thousands  of  its  non¬ 
radioactive  fellows,  but  methods  for  detecting  the  energy  given  off 
by  this  lone  atom  are  now  so  refined  that  the  concentration  of  the 
radioactive  material  is  negligible  in  comparison  with  concentrations 
of  the  inactive  material  which  is  participating  in  metabolic  processes, 
t  irregular  intervals  some  of  the  radioactive  atoms  distintegrate 
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and,  in  consequence,  the  concentration  of  radioactive  material  gradu¬ 
ally  diminishes.  In  the  case  of  l131,  half  of  the  initial  material  has 
disappeared  at  the  end  of  eight  days,  and  in  the  next  eight  days  half 
of  this  remainder  disappears.  Thus  the  “half-life”  of  this  isotope 
is  eight  days,  and  l131  is  referred  to  as  “the  eight-day  isotope.”  By 
using  an  inverse  logarithmic  curve,  the  investigator  is  able  to  control 
the  residual  concentration  of  radioactive  material  throughout  the 
course  of  his  experiment.  Eventually,  however,  so  few  radioactive 
atoms  remain  that  the  Geiger-Miiller  counter  is  no  longer  able  to 
measure  them  accurately. 

After  such  material  has  been  calibrated  for  its  initial  activity,  it 
may  be  administered  to  a  man  or  animal;  and  subsequently,  meas¬ 
urements  may  be  made  of  its  distribution.  If  the  total  concentration 
is  sufficiently  high,  the  total  activity  of  the  organism  may  be  meas¬ 
ured  directly,  or  certain  portions  of  the  organism  may  be  measured 
in  vivo,  such  as  the  thyroid  of  a  goitrous  patient.  Alternatively, 
the  thyroid  or  other  tissues  may  be  removed  from  an  experimental 
animal,  or  from  a  patient  at  operation,  and  extracts  or  pastes 
(“brei”),  may  be  subjected  to  simultaneous  analyses  for  total  iodine 
and  for  radioactive  iodine.  Likewise,  the  blood  and  excreta  of  the 
animal  or  patient  may  be  collected,  and  metabolic  balances  obtained 
in  terms  of  radioactive  material. 

A  considerable  number  of  technical  considerations  lie  at  the  basis 
of  such  investigations,  and  it  will  be  possible  to  suggest  only  a  few  of 
them  here  in  brief  form.  First  of  these  is  the  fact  that  mixtures 
of  isotopes  may  occur.  For  example,  the  eight-day  radio-iodine  often 
is  accompanied  by  small  amounts  of  four-day  and  13-day  iodine. 
In  order  to  evaluate  properly  the  natural  history  of  the  radioactive 
material  in  the  animal  at  successive  time  intervals,  it  is  necessary  to 
measure  the  composite  decay  curve  of  such  a  mixture  of  isotopes. 
More  serious  is  the  possible  presence  of  nuclear  isomerism  which 
may  be  present  when  the  nucleus  of  a  radioactive  isotope  exists  in 
two  states.  Each  of  these  will  have  a  different  half-life  and  one 
isomer  may  exist  in  a  highly  unstable  form  for  an  appreciable  period 
of  time  (the  “metastable”  state).  Thus,  two  different  types  of 
isomerism  may  occur.  In  one  type  each  of  the  two  isomers  decays 
by  the  emission  of  a  beta-ray,  independently  of  the  other.  More 
commonly,  another  type  of  decay  occurs;  this  process  produces  a 
complicated  sequence  of  events  involving  the  ejection  of  an  electron 
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and  the  breaking  of  any  chemical  linkage  in  which  the  atom  may 
have  participated.  In  order  to  rule  out  this  complication,  which 
might  entail  a  serious  error  in  metabolic  studies,  Hamilton  and 
Soley  218  examined  the  available  radio-iodines  for  this  second  form 
of  decay.  Fortunately,  they  were  able  to  eliminate  its  presence  in 
I128  (25-minute  half-life)  and  in  Vs1  (8-day  half-life),  thus  putting 
on  a  sound  basis  the  use  of  radio-iodine  as  a  metabolic  procedure. 


Radioactive  Iodines 

At  least  five  radioactive  iodines  have  been  described  recently  by 
Livingood  and  Seaborg,329  three  of  which  were  newly  discovered. 
They  were  produced  by  the  bombardment  of  iodine,  tellurium,  or 
antimony  by  neutrons,  deuterons,  or  helium  ions,  respectively.  These 
various  isotopes  have  been  summarized  by  Roberts,  Evans,  and 
Hertz  461  in  Table  41.  Of  course,  naturally  occurring  iodine  is  I127. 


TABLE  41 
Isotopes  of  Iodine 


Isotope  Half-life 


jm 

4.0  ±  0.3  days 

1 126 

13.0  ±  0.3  days 

JI27 

stable 

J 128 

25.5  ±  1.0  minutes 

I  ISO 

12.6  ±  1.0  hours 

1131 

8.0  ±0.2  days 

Vs*? 

2.4  hours 

54  minutes 

I136? 

22  hours 

A  convenient  preparative  method,  using  the  cyclotron,  is  the  bom¬ 
bardment  of  1  to  2  grams  of  metallic  tellurium  with  deuterons. 
The  major  part  of  the  radioactive  material  thus  produced  consists 
of  the  eight-day  radio-iodine,  l131;  although  four  other  radioactive 
isotopes  are  produced  simultaneously,  either  they  are  short-lived  or 
present  in  such  low  concentrations  as  to  be  negligible,  as  reported  by 
Hamilton  and  Soley  218  under  certain  conditions  of  bombardment. 

e  treated  sample  of  tellurium  can  then  be  dissolved  in  nitric  acid 
and  distilled  together  with  added  inert  iodine,  which  carries  over 
with  it  the  radio-iodine.  The  resulting  product  is  collected  as  a  solu¬ 
tion  in  carbon  tetrachloride,  from  which  it  may  be  extracted  with 
aqueous  sodium  thiosulfate.  In  this  way  it  is  possible  to  obtal  a 
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known  standard  solution  of  “labeled”  iodine.  The  amounts  of  the 
original  radioactive  material  are  of  the  order  of  io  to  50  micro¬ 
micrograms  mixed  with  an  equal  number  of  milligrams  of  inert  iodine, 
at  best.  As  usually  adulterated  with  inert  iodine,  the  radioactive  con¬ 
centration  is  far  less. 

It  is  beyond  the  scope  of  this  chapter  to  discuss  in  detail  the 
properties  of  these  various  isotopes,  but  because  the  8-day  radio¬ 
iodine,  V31,  will  doubtless  prove  to  be  an  important  physiological 
and  clinical  tool,  a  brief  sketch  of  its  properties  may  be  given.  Liv- 
ingood  and  Seaborg  329  suggested  that  a  double  decay  occurs  from 
tellurium  to  iodine  to  stable  xenon,  and  that  the  sequence  of  events 
might  be  either  Te129  to  U29  to  Xe129,  or  else  Te131  to  I131  to  Xe131. 
Very  recently  Abelson  11  has  described  iodine  with  period  13 1  as  a 
fragment  of  uranium  disintegration;  and  Seaborg,  Livingood,  and 
Kennedy  502  report  evidence  favoring  I23i  as  the  precise  status  of 
the  eight-day  isotope.  For  the  moment,  however,  this  distinction  ap¬ 
pears  to  be  of  no  importance  in  physiological  procedures  under  the 
conditions  just  outlined.  In  either  case,  the  decay  curve  can  be 
plotted  as  a  linear  semi-logarithmic  function  of  time. 

Nevertheless,  as  pointed  out  by  Hertz,  Roberts,  Means,  and 
Evans,241  for  special  purposes  the  other  radio-iodines  may  prove 
very  useful.  For  example,  successive  administrations  of  eight-day 
isotope  I131  and  of  twenty-five-minute  isotope  I128  may  be  used  to 
distinguish  the  initial  progress  of  iodine  metabolism  as  compared 
with  its  final  outcome.  In  other  words,  it  is  possible  in  this  way  to 
distinguish  the  fate  of  the  first  dose  of  iodine  from  that  of  the  later 
dose.  At  the  present  time,  however,  due  to  the  relatively  slow  turn¬ 
over  of  iodine  in  physiological  processes,  the  V31  has  proved  most 
useful,  and  most  of  the  physiological  data  now  available  in  man  have 
been  obtained  with  this  isotope.  Perfectly  adequate  and  highly  il¬ 
luminating  observations,  however,  can  be  made  in  animals  with  the 

short-lived  I128,  as  will  be  shown. 

“Labeled”  Iodine.  This  term  is  used  to  designate  ordinary  iodine 
(or  a  chemical  compound  thereof)  which  is  distinguished  by  the 
admixture  of  a  small  amount  of  radio-iodine  existing  in  the  same  type 
of  chemical  combination.  Thus  far,  biological  work  has  been  limited 
largely  to  inorganic  iodide.  The  “labeled”  iodine,  therefore,  is 
merely  ordinary  iodine  in  which  one  atom  of  (perhaps)  every  sev¬ 
eral  million  is  “tagged”  by  its  radioactivity.  Because  these  “tagge 


radioactive  iodine 


atoms  behave  chemically  precisely  as  do  their  fellows,  the  investiga¬ 
tor  may  assume  safely  that,  wherever  he  can  detect  one  of  these 
(perhaps)  several  million  comrade  atoms  are  present.  Of  course, 
the  “tagged”  particles  make  known  their  presence  by  blowing  up; 
consequently,  their  relative  number  with  respect  to  their  comrades 


diminishes  exponentially  with  time. 

During  a  biological  experiment  the  observer  must  know  this  ratio 

of  radioactive  to  inert  atoms  at  any  given  moment  so  that  he  may 
calculate  the  total  amount  of  iodine  betrayed  by  the  presence  of  the 
“tagged”  atoms.  At  first  thought,  this  would  seem  to  be  difficult, 
because  the  ratio  is  constantly  changing  as  more  and  more  radio¬ 
active  atoms  disappear.  In  practice,  the  problem  is  readily  solved. 
Whenever  the  biologist  performs  an  experiment,  he  saves  out  a  small 
portion  of  the  material  as  a  standard  sample.  If  all  subsequent 
measurements  are  referred  to  this  sample,  this  standard  automati¬ 
cally  controls  the  atomic  decay  occurring  in  the  main  mass  of  material 
used. 

Application  of  the  Method.  Once  a  preparation  of  iodide  contain¬ 
ing  a  known  amount  of  radioactive  element  has  been  obtained,  it 
may  be  used  for  administration  to  man  or  animals  under  suitable 
conditions.  Hamilton  and  Soley  218  have  given  doses  of  14  mg.  of 
“labeled”  iodide  to  human  subjects  by  mouth  in  the  morning  before 
breakfast.  It  was  found  that  over  80  per  cent  of  the  iodide  so  admin¬ 
istered  was  absorbed  through  the  digestive  tract  at  the  end  of  one 
hour.  Just  before  administration,  the  ionization  of  the  beta-rays 
from  the  radioactive  material  was  used  to  determine  the  initial 
activity  of  the  preparation.  For  this  purpose  a  Lauritsen  quartz 
fiber  electroscope  could  be  used  for  the  estimation.  The  time  was 
thus  noted,  and  thereafter,  allowance  could  be  made  for  the  regular 
decay  of  the  material  involved.  The  urine  was  collected  in  twenty- 
four-hour  samples  and  the  feces  collected  during  a  five-day  period, 
during  which  observations  were  made.  When  thyroidectomy  was 
performed  on  such  a  patient,  preferably  two  to  four  days  after  the 
administration  of  the  radio-iodine,  the  amount  of  thyroid  tissue  left 
in  the  patient  was  estimated  carefully;  because  this  quantity  was 
always  a  small  fraction  of  the  portion  removed,  no  significant  error 
in  the  total  weight  of  the  gland  was  introduced. 


The  urine,  the  feces  and  the  tissue  removed  had  to  be  prepared 
for  the  accurate  determination  of  the  radio-iodine  content  by  special 
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procedures  which  are  complicated  as  follows.  First,  there  is  the 
complication  that  the  preparation  of  radio-iodine  samples  of  ade¬ 
quate  activity  requires  prolonged  bombardment  of  the  tellurium 
by  the  cyclotron.  Secondly,  the  gamma-ray  emission  of  the  8-day 
radio-iodine  is  very  weak,  and,  thirdly,  the  beta-rays  resulting  from 
the  breakdown  of  this  material  are  so  soft  that  one  millimeter  of 
tissue  will  screen  out  over  90  per  cent  of  them.  In  consequence  it 
was  necessary  to  find  a  procedure  which  would  permit  quantitative 
extraction  of  the  radio-iodine  from  large  amounts  of  biological 
material.  Finally,  it  was  decided  to  treat  the  material  very  much 
as  in  the  analytical  methods  of  Leipert,312  Trevorrow  and  Fashena,550 
or  Matthews,  Curtis,  and  Brode,369  as  described  in  the  appendix  of 
this  book.  The  iodine  contained  in  the  extract  of  the  tissues  was 
re-distilled  with  a  known  amount  of  added  inert  iodine  as  an  aid 
and  a  check  on  the  recovery  of  “labeled”  iodine.  This  procedure 
was  finally  perfected  so  that  about  97  or  98  per  cent  of  all  the  ma¬ 
terial  could  be  recovered  from  urine,  feces,  or  thyroid  gland. 

Final  Measurement  of  Radio-Iodine.  Hamilton  and  Soley 218 
used  a  vacuum  tube  electrometer  to  detect  l131,  as  described  by 
DuBridge.129  This  instrument  they  considered  more  satisfactory 
than  the  Geiger-Mtiller  counter  when  soft  beta-rays  are  to  be  meas¬ 
ured.  With  this  technique  it  was  possible  to  measure  a  radioactivity 
equivalent  to  5  X  io-9  grams  of  radium  within  an  error  of  5  per  cent. 
Nevertheless,  Geiger-Miiller  counters  have  been  used  satisfactorily 
for  the  detection  of  the  Vs1,  as  shown  by  Roberts,400  with  an  accuracy 
of  5  per  cent  for  an  equivalent  of  5  X  io-11  grams  of  radium.  No 
correction  for  decay  of  the  samples  was  necessary  because  standards 
were  measured  at  the  same  time  by  the  same  apparatus,  always  within 
an  hour. 

Preparation  and  Measurement  of  Short-lived  Radio  Iodine.  Al¬ 
though  there  are  many  advantages  to  be  had  with  the  eight-day 
isotope,  V31,  there  are  a  number  of  interesting  observations  possible 
with  the  short-lived  isotope,  V28,  having  a  half-life  of  about  26  min¬ 
utes.  Such  material  was  described  originally  by  Hertz,  Roberts,  and 
Evans.240  This  material  was  prepared  from  ethyl  iodide,  which  was 
irradiated  in  a  paraffin-surrounded  bottle  by  immersing  in  it  a  source 
of  neutrons  consisting  of  radium  mixed  with  beryllium  in  a  sealed 
tube.  This  radioactive  material  was  then  concentrated  by  a  method 
of  Roberts  and  Irvine  as  adapted  from  d’Agostino  12  as  follows.  A 
few  milligrams  of  free  iodine  (about  1  to  100)  were  added  to  the 
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irradiated  ethyl  iodide,  and  an  equivalent  weight  of  sodium  bisulfite 
in  water  was  shaken  with  the  ethyl  iodide  to  extract  it.  The  aqueous 
layer  was  separated,  and  the  iodide  then  precipitated  by  adding  an 
excess  of  slightly  acid  silver  nitrate  solution.  In  this  way  almost  all 
the  activity  could  be  concentrated  in  the  precipitate  of  silver  iodide. 
Before  intravenous  injection,  this  material  was  dissolved  in  aqueous 
sodium  thiosulfate.  When  prepared  in  this  way,  it  was  tolerated  well 
by  rabbits.  The  ethyl  iodide  could  be  used  over  and  over  again. 
The  complete  separation  required  less  than  ten  minutes. 

This  method  is  recommended  by  Roberts  and  Irvine.402  These 
last  authors  failed  to  discover  any  gamma-rays  emitted  by  this  ma¬ 
terial,  although  beta-rays  are  characteristic.  The  material  can  be 
analyzed  by  means  of  a  Geiger-Miiller  counter  attached  to  a  suitable 
vacuum  tube  amplifier,  which  records  the  disintegration  of  the  in¬ 
dividual  radioactive  atoms.  It  was  necessary  for  the  experimenters 
to  work  rather  rapidly  because  accurate  observations  could  not  be 
extended  beyond  forty  minutes  after  the  beginning  of  the  experi¬ 
ment.  With  more  intensely  radioactive  material  this  time  can  be 
extended  conveniently  up  to  several  hours.  The  tissues  involved 
were  excised,  then  finely  minced  and  spread  on  a  flat  surface  which 
was  placed  in  direct  contact  with  a  Geiger-Miiller  counter.  By  this 
method  a  number  of  tissues  were  examined,  i.e.,  thyroid,  ovaries, 
hypothalamus,  cerebral  lobe,  pituitary,  salivary  glands,  liver,  spleen, 
and  muscle.  It  was  possible  also  to  analyze  body  fluids,  such  as 
blood,  urine,  and  cerebrospinal  fluid.  These  acute  observations  are 
of  considerable  interest  because  they  demonstrate  the  extreme  speci¬ 
ficity  of  the  thyroid  in  trapping  iodine.  This  biological  selection  did 
not  apply  to  labeled  bromine,  surprisingly  enough.  These  experi¬ 
ments  showed  also  that  when  the  gland  was  hyperplastic,  the  ability 
of  the  thyroid  to  trap  iodine  in  a  short  time  was  increased  several¬ 
fold,  and  this  accumulation  occurred  within  fifteen  minutes  after 
injection.  Furthermore,  studies  of  the  urinary  excretion  for  half  an 
hour  following  injection  indicated  that  rapid  and  prompt  elimination 

of  the  radio-iodine  occurred  and,  as  was  to  be  anticipated,  followed 
a  semi-logarithmic  law. 


Observations  with  Short-lived  Radio  Iodine 

Hertz,  Roberts,  Means,  and  Evans  241  found  that  the  normal  rabbit 
thyroid  could  collect  up  to  eighty  times  the  quantity  to  be  expected 
from  uniform  diffusion  throughout  the  body  tissues  In  hyperplastic 
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thyroids,  indeed,  this  relative  concentration  could  reach  several  hun¬ 
dredfold.  After  the  intravenous  injection  of  radio-iodine,  the  per¬ 
centage  of  any  given  dose  to  be  collected  was  found  to  reach  a 
maximum  within  ten  to  fifteen  minutes,  and  periods  as  long  as  an 
hour  and  a  half  did  not  increase  greatly  the  amount  trapped.  These 
authors,  furthermore,  used  several  different  types  of  tagged  iodine, 
as  suggested  earlier  in  this  chapter,  i.e.,  combinations  of  short-lived 
atoms  with  long-lived  atoms.  Most  of  their  observations  were  made 
with  the  radioactive  isotope  with  mass  128,  which  has  a  half-life  of 
twenty-five  minutes;  but  they  used  also  radioactive  iodine  with  the 
half-periods  of  12.5  hours,  eight  days  and  thirteen  days,  respectively. 
These  correspond  to  the  respective  mass  numbers  130,  131,  and  126. 
In  this  way,  the  investigators  were  able  to  extend  observations 
over  a  wide  range  of  time:  namely,  in  acute  experiments  for  only 
one  and  one-half  hours,  but  in  chronic  experiments  up  to  eight  days. 
In  order  to  standardize  the  relative  weight  of  the  thyroid,  the  au¬ 
thors  used  a  so-called  “thyroid  index,”  which  was  calculated  by  divid¬ 
ing  the  weight  of  the  thyroid  in  milligrams  by  the  body  weight  in 
kilograms  multiplied  by  10.  This  index  in  most  animals  ranged  be¬ 
tween  5.5  and  8.0.  When  the  gland  was  hyperplastic,  however,  the 
values  ranged  from  8.0  to  33.5-  This  last  value  was  obtained  in  an 
animal  which  had  been  on  an  exclusive  cabbage  diet  for  two  months. 

In  order  to  correct  for  the  variation  in  size  of  thyroid  glands,  the 
authors  used  also  a  “thyroid  concentration  coefficient,”  which  was 
calculated  by  dividing  the  thyroid  index  into  the  thyroid  iodine  col¬ 
lection  in  per  cent,  and  multiplying  the  whole  by  1,000.  Thus  the 
“thyroid  concentration  coefficient”  equals  the  concentration  of  iodine 
in  the  thyroid  divided  by  the  average  concentration  of  iodine  in  the 
body.  In  other  words,  it  expresses  the  concentrating  power  of  the 
thyroid  relative  to  the  concentration  to  be  expected  from  uniform 
diffusion  throughout  the  rest  of  the  body  tissues.  These  investigators 
found  that  the  concentration  of  iodine  in  the  thyroid  increased  until 
the  total  collection  had  reached  about  40  to  50  micrograms,  after 
that,  no  further  trapping  of  iodine  occurred.  The  time  necessary  to 
reach  this  maximal  concentration  was  as  short  as  fifteen  minutes 
and  this  quantity  might  not  increase  much  even  after  eight  days 
Thus  there  seems  to  be  a  “ceiling”  in  normal  thyroids  beyond  which 

no  further  concentration  of  iodine  occurs.  . 

Apparently  it  is  also  very  easy  to  saturate  a  hyperplastic  thyroid, 
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if  a  dose  of  correct  magnitude  be  given.  In  this  latter  sort  of  gland 
many  factors  appear  to  affect  the  ability  of  the  thyroid  to  accumulate 
iodine,  such  as  the  quantity  of  the  previous  dose  and  the  time  which 
elapses  after  it,  the  type  of  thyroid  stimulation,  and  the  “thyroid 
index”  of  the  animal.  In  both  normal  and  hyperplastic  glands, 
indeed,  there  is  an  initial  collection  which  is  maximal  by  the  end  of 
ten  minutes  and  does  not  increase  for  at  least  one  and  one-half  hours. 
This  time  is  as  short  as  one  would  anticipate  from  the  circulation 
rate,  and  the  rate  at  which  the  thyroid  traps  this  initial  collection  of 
iodine  is  phenomenal  as  compared  with  the  rate  at  which  it  accumu¬ 
lates  iodine  subsequently  over  the  course  of  several  days.  Indeed 
it  was  possible  to  detect  iodine  in  the  thyroid  of  animals  which  died 
within  two  minutes  after  injection  of  the  radioactive  material.  In 
Fig.  28,  taken  from  Hertz,  Roberts,  Means,  and  Evans,241  is 
illustrated  the  striking  effect  which  the  functional  state  of  the  thyroid 
has  upon  its  ability  to  withdraw  iodine  from  the  general  circulation. 
From  the  figure  it  is  evident,  first,  that  within  10  to  15  minutes  the 
initial  accumulation  has  ceased,  and  secondly,  that  the  amount  ac¬ 
cumulated  depends  upon  the  degree  of  hyperplasia. 

Threshold  for  Accumulation  of  Iodine.  Of  course  the  dose  of  iodine 
given  influences  the  percentage  which  is  trapped.  In  normal  glands, 
the  percentage  collected  increases  as  the  dose  decreases.  In  other 
words,  the  gland  operates  more  efficiently  when  less  iodine  is  supplied, 
as  one  might  expect  from  general  biological  considerations.  In  more 
precise  terms,  the  “thyroid  concentration  coefficient”  is  about  80 
for  normal  glands  when  a  dose  of  0.1  mg.  is  given,  whereas  it  may  be 
as  low  as  2  for  an  injection  of  100  mg.  Hertz,  Roberts,  Means,  and 
Evans  241  distinguish  two  types  of  hyperplastic  gland  as  contrasted 
with  the  normal,  namely,  Type  1,  in  which  the  “thyroid  concentra¬ 
tion  coefficient”  is  always  greater  than  normal,  and  Type  2,  in 
which  the  “thyroid  concentration  coefficient”  may  be  lower  than  nor¬ 
mal.  In  the  latter  type  the  authors  have  described  a  so-called  thresh¬ 
old  phenomenon,  in  that  injections  of  less  than  10  mg.  of  iodine 
are  less  efficiently  accumulated  in  the  gland,  whereas  injections 
greater  than  10  mg.  of  iodine  are  trapped  quite  efficiently,  just  as 
normal  and  Type  1  animals  trap  it. 

Indeed,  in  hyperplastic  glands  there  seems  to  be  a  continuous 
gradation  in  the  concentrating  power  of  the  gland,  particularly  with 
reference  to  this  threshold  effect.  These  observations  are  similar  to 
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observations  which  are  well  known  to  clinicians  who  treat  patients 
with  Graves’  disease.  In  that  condition  it  is  clear  that  small  doses  of 
iodine  do  not  particularly  affect  the  basal  metabolic  rate;  whereas, 
large  doses  of  iodine  have  a  striking  effect  in  stopping  thyroid  secre¬ 
tion  into  the  circulation,  while  at  the  same  time  enabling  the  gland 
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Fig.  28.  When  io  mg.  of  iodine  (as  iodide)  were  injected  into  rabbits,  the  trapping 
of  this  additional  iodine  was  nearly  complete  in  fifteen  minutes.  The  efficiency  of  the 
collection  varied  with  the  functional  state  of  the  gland,  as  indicated. 

From:  S.  Hertz,  A.  Roberts,  J.  H.  Means  and  R.  D.  Evans,  Am.  J.  Physiol.  128 : 
567.  1940. 


to  accumulate  surprisingly  large  amounts  of  iodine  to  be  stored  as 
thyroid  colloid.  Furthermore,  clinicians  also  recognize  that  in  the 
early  phase  of  colloid  goiter,  when  hyperplasia  is  present,  the  admin¬ 
istration  of  iodine  has  no  effect  upon  gross  thyroid  function;  and  yet 
large  amounts  of  iodine  are  stored  in  the  gland. 

In  Fig.  29,  from  Hertz,  Roberts,  Means,  and  Evans, -M1  are 
shown  the  three  types  of  gland,  i.e.,  normal,  Type  i,  and  Type  2, 
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plotted  in  rough  fashion  with  respect  to  their  thyroid  collection  for 
the  same  relative  mass  of  thyroid  tissue.  Type  i  and  Type  2  are 
clearly  different  from  the  normal,  but,  as  stated  earlier  in  this  chapter, 
these  two  types  probably  merge  one  into  the  other.  It  is  quite  evi¬ 
dent  that  the  hyperplastic  gland  collects  more  iodine  than  does  the 
normal  when  large  doses  of  iodine  are  administered;  but  it  seems 


Fig.  29.  When  rabbits  were  injected  with  varying  doses  of  iodide,  the  total  collec¬ 
tion  in  their  respective  thyroids  varied  with  the  functional  state  of  the  glands.  Three 
general  functional  states  were  found,  i.e.,  Normal,  Type  1,  and  Type  2,  as  described 
in  the  text. 

From:  S.  Hertz,  A.  Roberts,  J.  H.  Means  and  R.  D.  Evans,  Am.  J.  Physiol.  128: 
S7i-  194°. 


clear  that  when  small  doses  are  administered  some  of  these  hyper¬ 
plastic  glands  are  less  efficient  than  the  normal  gland. 

This  distinction  between  normal  and  hyperplastic  glands  holds  for 
all  hyperplasia,  so  far  as  is  known.  In  other  words,  the  result  will 
be  the  same  whether  the  hyperplasia  be  induced  spontaneously,  by 
the  administration  of  thyrotropic  hormone,  by  administration  of 
goitrogenic  substances  (such  as  a  prolonged  cabbage  diet),  or  by  the 
administration  of  methyl  cyanide.  It  will  be  remembered  that  Marine 
and  Rosen  362  used  such  reagents  in  order  to  induce  goiter  experi¬ 
mentally  in  rabbits  on  the  supposition  that,  by  so  doing,  they  were 
producing  a  relative  lack  of  hormone  and  consequently  a  relative 
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lack  of  iodine.  Indeed,  Marine  355  has  hypothecated,  as  described  in 
Chapter  VI,  that  all  hyperplasia  of  this  sort  depends  upon  the  action 
of  thyrotropic  hormone;  and,  so  far  as  these  experiments  with  radio¬ 
active  iodine  are  valid,  it  would  indeed  seem  to  be  true  that  all 
hyperplastic  glands  had  much  in  common  as  regards  their  behavior 
towards  iodine.  There  remains  to  be  explained,  however,  the  extreme 
divergence  between  the  characteristic  Type  i  and  the  characteristic 
Type  2  gland,  as  well  as  the  apparent  threshold  phenomenon  already 
described.  So  far  as  can  be  seen  at  present,  it  would  appear  that 
hyperplasia  in  the  thyroid  involves  at  least  two  factors,  one  of  which 
determines  total  capacity  for  trapping  iodine,  and  the  other  which 
determines  the  intensity  or  concentration  of  iodine  necessary  to  in¬ 
duce  such  accumulation.  Inasmuch  as  capacity  and  intensity  factors 
are  recognized  throughout  chemistry  and  biology,  perhaps  it  is  not 
surprising  that  they  should  be  encountered  in  thyroid  physiology. 
Moreover,  the  intensity  factor  resolves  itself  into  concentration  of 
blood  iodine  and  this,  as  described  in  Chapter  V,  is  a  crucial  factor 
in  limiting  thyroidal  activity. 

Observations  with  Multiple  Labeling.  As  regards  the  amount  of 
iodine  which  may  be  absorbed,  it  is  clear  that  if  a  thyroid  has  previ¬ 
ously  been  saturated  with  iodide  a  second  injection  will  not  yield  much 
further  increase.  For  example,  an  animal  which  in  19  hours  accumu¬ 
lated  53  micrograms  of  iodine,  trapped  less  than  4  micrograms  from 
a  subsequent  injection.  By  contrast,  an  animal  which  trapped  only 
20  micrograms  after  31  hours  proceeded  to  collect  7  micrograms 
from  a  subsequent  injection.  In  Fig.  30,  from  Hertz,  Roberts, 
Means,  and  Evans,241  is  illustrated  the  effect  of  preliminary  iodine 
medication  upon  the  response  to  a  second  injection  of  5  mg.  of  labeled 
iodine.  It  is  clear  that  both  for  normal  and  so-called  Type  1  hyper¬ 
plastic  glands  the  preliminary  administration  of  iodine  decreases 
the  avidity  of  the  gland  for  more  iodine.  Nevertheless,  the  normal 
gland  is  less  affected  than  the  Type  1  gland. 

Accordingly,  if  an  animal  has  been  treated  with  iodine  previously, 
he  will  collect  less  iodine  subsequently.  More  precisely,  a  normal 
animal  after  receiving  a  dose  of  about  50  iodine  is  able  on  the 

second  injection  to  accumulate  only  half  of  the  labeled  iodine  which 
the  otherwise  normal,  untreated  animal  would  trap.  In  the  so-called 
Type  1  animal,  as  little  as  8  mg.  of  iodine  will  have  the  same  effect 

within  six  hours. 
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These  observations  raise  several  interesting  problems  which  have 
appeared  as  by-products.  Among  these  may  be  mentioned  the  fact 
that  treatment  with  one  type  of  thyrotropic  hormone  appeared  to 
produce  a  different  iodine  collection  at  the  same  thyroid  index 


Fig.  30.  When  rabbits  were  injected  with  iodide  containing  5  mg.  of  labeled  iodine, 
the  trapping  of  this  dose  was  impaired  if  previous  iodine  had  been  given.  The  per¬ 
centage  of  the  normal  collection  which  resulted  depended  upon  the  size  of  the  previous 
dose.  The  curve  shown  for  Type  1  animals  was  for  a  thyroid  index  of  10  and  for  a 
time-interval  (between  doses)  of  four  to  six  hours.  The  number  of  animals  represented 
in  the  normal  group  was  nine;  in  the  Type  1  group,  twelve. 

From:  S.  Hertz,  A.  Roberts,  J.  H.  Means  and  R.  D.  Evans,  Am.  J.  Physiol 
J2a:  571.  1940. 

than  did  injections  of  several  other  thyrotropic  hormone  prepara¬ 
tions,  including  the  saline  suspensions  of  fresh  beef  anterior  pituitary 
It  may  be  that  there  are  separate  factors  which  control,  respectively 
t  e  unctional  stimulation  and  the  hyperplasia  of  the  thyroid  follicle! 
ndeed,  it  is  well  known  to  clinicians  that  the  size  of  the  thyroid 
alone  does  not  indicate  functional  activity.  Another  problem  raised 
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by  these  observations  was  a  difference  in  the  behavior  of  animals 
whose  glands  became  hyperplastic  as  the  result  of  a  prolonged  cab¬ 
bage  diet,  as  compared  with  the  animals  injected  with  methylcyanide. 
If  the  goitrogenic  substance  in  the  cabbage  diet  is  a  cyanide,  as  has 
generally  been  supposed  hitherto,  it  is  difficult  to  understand  this 
observation. 
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Total  thyroid  iodine 
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(mgm) 
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23.2 

39-7 

71-4 
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single  dose). 

t  Part  of  sample  lost. 

AfTedrayjfCG.SHamilton  and  M.  H.  Soley,  Am.  J.  Physiol.  117:  56s  and  S66.  i939- 
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Experimental  Results  with  l131  in  Man 

It  is  interesting  that  Hamilton  and  Soley  were  able  to  recover  in 
the  urine  and  feces,  within  five  days,  about  80  per  cent  of  the  iodine 
administered  to  normal  subjects.  Indeed,  in  spontaneous  myxedema 
they  were  able  to  recover  over  90  per  cent.  As  shown  in  Table  42, 
the  major  portion  of  this  recovery  was  urinary,  and  the  first  day  s 
excretion  for  normal  subjects  was  by  far  the  most  significant.  In 
human  myxedema,  however,  there  was  a  definite  delay  in  urinary 
excretion  so  that  the  second  day  played  a  significant  role  in  the  total 
excretion.  As  might  have  been  expected  from  studies  reported  in 
another  chapter,  fecal  excretion  at  best  accounted  for  less  than 
3  per  cent  and  in  most  cases  only  about  1  per  cent.  This  general 
technique  was  then  applied  to  a  number  of  patients  with  various 
types  of  thyroid  disease.  These  studies  are  admittedly  incomplete, 
but  several  interesting  points  have  already  been  unearthed.  For  ex¬ 
ample,  when  patients  with  different  types  of  goiter,  namely,  toxic 
goiter  and  nontoxic  nodular  goiter,  were  studied  and  compared  with 
normal  controls,  the  rate  of  excretion  in  all  cases  was  found  to  be 
much  the  same.  It  will  be  recalled,  however,  that  Curtis  9(5  found 
a  more  rapid  excretion  in  patients  with  toxic  goiter  who  received 
rather  large  doses  of  iodide.  By  contrast,  the  rate  of  excretion  in 
the  urine  of  myxedema  patients  showed  a  much  slower  eliminative 
period.  As  would  be  expected,  all  cases  showed  a  linear  excretion 
when  the  per  cent  of  iodine  excreted  in  the  urine  was  plotted  against 
time,  as  shown  in  the  accompanying  Fig.  31.  This  phenomenon 
simply  indicates  that  a  rather  constant  proportion  of  the  iodine  in 
the  body  is  excreted  each  day,  and,  therefore,  the  excretion  of  total 
iodine  follows  an  inverse  compound  interest  law.  Indeed,  Hertz  and 
his  collaborators  found  this  to  be  true,  even  when  successive  urine 
specimens  were  collected  and  analyzed  at  short  intervals. 

Gross  Accuracy  of  the  Method.  It  was  difficult  for  Hamilton  and 
Soley  to  recover  all  of  this  iodine  quantitatively  because  a  certain 
small  amount  is  always  lost  in  the  sweat  and  is  difficult  to  estimate 
Moreover,  in  the  extraction  of  the  radio-iodine  from  biological  ma¬ 
teria  there  is  usually  a  loss  of  about  2  per  cent  of  the  radio-iodine- 
and  actually  the  measurement  of  the  radioactivity  alone  may  involve 
an  error  of  some  3  per  cent.  Consequently,  a  recovery  of  90  per  cent 
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is  about  all  that  the  technique  can  offer  at  present.  Techniques  are 
available,  however,  for  increasing  the  accuracy  if  it  is  desirable. 

As  might  be  expected,  urinary  excretion  is  retarded  in  severe 


Fig.  «.  The  urinary  iodine  excretion  for  several  types  of  individuals  after  a  single 
dose  of  14  mg.  of  labeled  iodine.  Against  semi-logarithmic  coordinates,  the  excretion 

was  linear. 

From:  J.  G.  Hamilton  and  M.  H.  Soley,  Am.  J.  Physiol.  127-  567.  1939- 

renal  damage;  accordingly,  this  complication  must  be  excluded  in 
studying  the  influence  of  the  thyroid.  In  patients  with  thyroid  dis¬ 
turbances  the  previous  administration  of  iodine  had  not  altered  ap¬ 
preciably  the  excretion  of  labeled  iodine. 
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Radioactive  Iodine  in  the  Human  Thyroid 


In  evaluating  the  amount  of  iodine  found  in  the  thyroid,  it  must 
be  remembered  that  although  the  thyroid  concentration  is  high, 
nevertheless,  the  total  iodine  in  the  thyroid  is  only  about  20  per  cent 
of  the  entire  iodine  in  the  body;  indeed,  as  mentioned  in  another 
chapter,  the  muscles  contain  about  50  per  cent  of  all  the  iodine.  This 
latter  amount  could  be  determined  by  rather  heroic  biopsies  of  muscle 
tissue,  which  humanity  forbids  in  most  instances.  In  animals,  how¬ 
ever,  it  has  been  shown  that  non-thyroidal  tissue,  e.g.,  skeletal 
muscle,  liver,  lymph  nodes  and  thyroid  cartilage,  fix  too  little  iodine 
to  be  measured  under  circumstances  corresponding  to  these  meta¬ 
bolic  observations. 

Hamilton  and  Soley  "16  have  studied  in  their  series  of  patients  not 
only  the  absorption  and  excretion  of  labeled  iodine  but  also  the 
radio-iodine  and  total  iodine  content  of  the  thyroids  of  patients  re¬ 
ceiving  diluted  radio-iodine  before  thyroidectomy.  They  have  ob¬ 
served,  further,  the  relationship  between  the  microscopic  anatomy 


and  the  deposition  of  iodine  in  histological  specimens  in  the  thyroid 
tissue  after  surgical  removal.  They  studied  16  patients  with  toxic 
goiters,  8  patients  with  nontoxic  goiters,  2  patients  suffering  from 
thyroid  carcinoma  and  a  patient  with  “struma  lymphomatosa.”  The 
gland  was  removed  in  each  case  from  46  to  58  hours  after  administra¬ 
tion  of  the  labeled  iodine.  The  analyses  showed  that  the  average 
uptake  of  the  labeled  iodine  was  about  twice  as  great  in  the  non¬ 
toxic  goiter  as  in  the  toxic  variety.  Of  course,  this  fact  is  compre¬ 
hensible  in  view  of  the  preliminary  routine  iodine  therapy  which 
the  toxic  cases  received.  Nevertheless,  these  toxic  glands,  on  the 
average,  trapped  8  per  cent  of  the  ingested  labeled  iodine. 

When  the  entire  thyroid  was  removed  in  each  of  the  patients  suf- 
faring  from  carcinoma,  it  was  found  possible  to  separate  normal 
thyroid  tissue  from  malignant  tissue  and  to  analyze  the  two  types 
separately.  Likewise,  regional  metastases  were  studied.  The  tumor 

heUre^ntred  ^  Htt'e  °f  **  'abe,ed  iodine'  0n  the  Contrary, 
he  relatively  small  mass  of  normal  thyroid  tissue  contained  a  con¬ 
siderable  amount  of  the  radio-iodine.  This  finding  has  an  important 
bearing  on  the  possible  treatment  of  thyroid  disease  with  a 

iodine,  as  described  later  in  this  chapter.  rad'°- 

Similarly,  in  a  single  struma  lymphomatosa  analyzed  after  exci- 
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sion  relatively  little  new  iodine  was  found.  Apparently  the  peculiar 
large  cells  of  which  the  acini  are  composed  in  this  condition  are 
incapable  of  normal  function. 

The  effect  of  what  might  be  termed  iodine  hunger  on  the  part 
of  the  thyroid  was  demonstrated  by  the  high  radio-iodine  uptake  in 
the  thyroid  glands  of  the  patients  with  hyperplastic  nontoxic  nodular 
goiter.  In  such  glands  there  was  a  previous  dearth  of  iodine,  but  a 
concomitant  hyperplastic  follicular  epithelium,  which  was  efficient  in 
trapping  newly  supplied  iodine. 

The  following  average  figures  summarize  these  differences.  In 
each  case  the  percentage  uptake  of  iodine  per  gland  precedes  the 
percentage  uptake  of  iodine  per  gram  of  thyroid.  The  respective 
values  are,  for  toxic  goiter,  8.2,  0.13;  for  nontoxic  goiter  16.2,  0.14. 
In  thyroid  carcinoma  the  normal  tissue  showed  1.2,  0.24  as  com¬ 
pared  with  cancerous  tissue  0.13,  0.001  and  regional  metastases 
0.05  and  0.0004.  Struma  lymphomatosa  showed  values  of  1.8  and 


0.013. 

Distribution  of  Radio-Iodine  in  the  Thyroid.  In  Chapter  II  the 
distribution  of  iodine  between  colloid  and  parenchyma  was  discussed. 
Hamilton  and  Soley  have  studied  this  problem  further  by  utilizing 
the  effect  of  beta-rays  on  photographic  film.  Paraffin  sections  from 
3  to  5  micra  in  thickness  were  cut  from  excised  human  glands,  then 
mounted  on  glass  slides  and  exposed  to  Agfa  “No-screen  x-ray  film. 
After  several  days  the  films  were  developed  and  the  radio-autograph 
(self  portrait)  of  the  section  compared  with  the  same  section  after 
histological  staining.  By  this  technique,  in  nontoxic  goiter  the  new 
iodine  was  found  to  have  accumulated  in  cellular  portions  of  the 
gland,  but  not  in  the  colloid.  Thus  the  smaller  acini  surrounding  the 
hyperinvoluted  areas  stored  proportionately  more  of  the  new  iodine. 
In  general,  hyperplastic  tissue  tended  to  store  fresh  iodine  preferen¬ 
tially.  When  hyperplasia  had  been  repressed  by  previous  iodide  ther¬ 
apy  little  fresh  iodine  accumulated.  As  might  be  anticipated  from 
what  has  been  said  earlier  in  this  chapter,  thyroid  carcinoma  gave 


only  a  faint  radio-autograph. 

In  more  recent  studies,  Hertz  and  Roberts  241  have  performed 
similar  investigations.  In  these  cases,  the  excised  thyroid  tissue  was 
analyzed  by  Salter,400  who  used  the  original  method  of  Haring  ton 
and  Randall  -  in  order  to  separate  the  “T”  and  “D”  ractions  of  he 
iodine  in  the  gland.  In  these  various  cases,  which  will  be  discu 
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in  a  later  chapter,  the  results  followed  very  closely  the  curve 
originally  described  by  Gutman,  Benedict,  Baxter,  and  Pa  mer, 
based  on  a  study  of  glands  excised  at  various  stages  in  iodine  therapy. 
It  was  especially  interesting  that  as  the  iodine  accumulated,  in  the 
first  stages  there  was  little  thyroxine-like  iodine;  but  later,  as  the 
iodine  approached  normal  levels,  the  ratio  of  “T”  to  total  iodine 


Fig.  32.  Direct  in  vivo  measurements  of  labeled  iodine  in  the  thyroid  of  individuals 
each  of  whom  received  a  single  dose  of  labeled  iodine  (14  mg.). 

Modified  from:  J.  G.  Hamilton  and  M.  H.  Soley,  Am.  J.  Physiol.  127:  568.  1939. 


became  fairly  constant  at  about  one-third  of  the  whole.  Thereafter 
thyroglobulin  was  laid  down  in  that  constant  proportionality,  namely 
“T”:“D”  =  1:2  in  round  numbers. 

Radio-Iodine  Measured  in  the  Human  Thyroid  in  Situ.  Of  partic¬ 
ular  interest  was  the  direct  study,  by  means  of  a  Geiger-Miiller 
counter,  of  the  thyroid  iodine  after  treatment  with  radio-iodine 
From  day  to  day  the  activity  emitted  by  the  gland  was  measured 
with  a  Geiger-Miiller  counter.  As  shown  in  Fig.  32,  within  the 
first  twenty-four  hours  there  was  a  marked  accumulation  of  activity 
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within  the  normal  gland,  which  reached  a  maximum  at  approximately 
forty-eight  hours.  Thereafter  no  further  trapping  of  radio-iodine 
could  be  detected.  Subsequently,  in  the  course  of  five  weeks,  the 
loss  of  radio-iodine  from  the  gland  was  generally  so  small  as  scarcely 
to  be  measurable.  In  this  way  Hamilton  and  Soley  have  studied 
five  normal  individuals,  five  patients  with  toxic  goiter,  two  patients 
with  nontoxic  goiter,  one  cretinoid  child  with  goiter  and  concomitant 
hypothyroidism,  and  four  children  with  spontaneous  myxedema  or 
marked  hypothyroidism  (without  goiter).  The  nontoxic  goiter 
showed  the  same  general  curve  as  the  normal  gland,  but  fixed  nearly 
three  times  as  much  iodine.  In  the  toxic  gland  maximal  uptake  oc¬ 
curred  within  one  to  four  hours  after  administration  of  the  test  dose. 
After  twenty-four  hours,  however,  this  type  of  gland  contained  only 
one-half  to  one-fifth  of  the  maximum.  Curiously  enough,  the  cre¬ 
tinoid  goiter  behaved  similarly.  Thus  the  glands  in  these  patients 
showed  both  an  increased  avidity  for  iodine  and  a  disturbance  in 
the  mechanism  of  storage.  As  might  have  been  anticipated,  in  the 
four  children  with  juvenile  myxedema,  little  or  no  radio-iodine  could 
be  detected  in  the  thyroid  region.  Presumably  in  such  cases  the  gland 
is  completely  atrophic. 

In  summary,  then,  these  recent  studies  of  newly  trapped  iodine  in 
human  thyroid  disturbance  reinforce  and  amplify  several  principles  of 
thyroid  function  long  recognized  by  Marine  333  and  others. 

Critique  of  Radio-Iodine  as  a  Physiological  Method.  When  an  in¬ 
vestigator  reports  unexpected  results  gained  through  the  use  of 
radioactive  materials,  the  fundamental  question  is  often  raised 
whether  a  radioactive  element  has  the  same  biochemical  properties 
as  the  normal  form  of  the  element.  Well-informed  physicists  are 
almost  unanimously  agreed  that  the  answer  should  be  in  the  affirma¬ 
tive,  because  the  radioactive  atom  does  not  emit  any  radiation  until 
the  end  of  its  existence,  as  it  changes  into  another  element.  Mean¬ 
time  the  “tagged”  atoms  are  only  potential  tracer  particles,  and  show 
no  unusual  behavior.  To  be  sure,  they  have  a  slightly  different  atomic 
weight  from  that  of  their  fellows,  but  living  tissues  appear  to  be 
unable  to  distinguish  between  mixtures  of  isotopes  to  any  important 

extent. 

Goudsmit  200  has  pointed  out  also  that  the  presence  of  the  radiation 
might  conceivably  alter  the  properties  of  the  tissues  under  investiga¬ 
tion,  and  thus  affect  the  outcome  of  tracer  experiments.  Ordinarily, 
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however,  the  radioactive  element  is  so  greatly  diluted  and  the  radia¬ 
tion  so  weak,  that  this  effect  is  very  unlikely.  The  contingency  may 
be  examined  mathematically,  because,  were  this  the  case,  the  yield 
of  the  experiment  should  be  roughly  proportional  to  the  square  of 
the  amount  of  tracer  administered  instead  of  directly  proportional 
to  it.  In  general,  this  fear  is  worth  considering,  but  is  probably  unim¬ 
portant  in  most  instances. 

Radiation  Therapy  with  Radioactive  Iodine.  It  has  been  suggested 
by  a  number  of  investigators  that  in  thyroid  hyperplasia  and  neo¬ 
plasia  it  might  be  possible  to  treat  the  disease  with  iodine,  which, 
being  radioactive,  would  be  trapped  in  the  thyroid  tissue  and  would 
disintegrate  there  close  to  the  site  of  the  proliferating  cells.  Hertz, 
Roberts,  Means,  and  Evans  241  point  out  that  in  view  of  the  observa¬ 
tions  just  mentioned,  it  is  possible  to  calculate  the  dosage  of  such 
material  needed  for  effective  therapy.  This  calculation  is  based  on 
the  assumption  that  a  dose  of  ioo  R  units  within  the  thyroid  would 
be  desirable.  Inasmuch  as  normal  tissues  can  safely  tolerate  a  dose 
of  one-tenth  of  an  R  unit  per  day  continued  over  the  course  of  many 
days,  the  eight-day  iodine  perhaps  would  not  be  appropriate.  The 
twenty-five-minute  isotope,  however,  might  well  be  used  to  give  a 
short,  intense  bombardment,  quite  similar  to  that  obtained  in  x-ray 
therapy.  In  the  average  rabbit  the  required  dosage  to  provide  ioo  R 
units  of  radiation  in  the  thyroid  is  estimated  to  be  about  3  millicuries 
of  the  twenty-five-minute  isotope.  If  the  human  thyroid  collected 
injected  iodine  only  as  well  as  the  normal  rabbit’s,  the  corresponding 
dose  in  human  patients  with  75  grams  of  thyroid  tissue  would  amount 
to  about  750  millicuries.  In  man,  however,  the  hyperplastic  gland  is 
several  times  more  efficient,  and  consequently,  less  radio-iodine  would 
suffice.  Even  so,  a  relatively  large  amount  of  radioactive  iodine 
would  be  needed.  Already  such  quantities  are  attainable,  and  such 
therapy  should  be  tried  because  it  offers  such  an  unusual  oppor¬ 
tunity  for  close  range  bombardment  of  proliferating  tissue  which 
has  specifically  concentrated  the  source  of  radiation* 

.  Thus>  according  to  this  calculation,  it  might  be  possible  for  a  brief 
time,  perhaps  an  hour,  to  have  within  the  thyroid  itself  the  equivalent 

of  a  gram  of  radium  distributed  diffusely  and  emitting  radiation  of 
very  high  intensity! 


*  The  millicurie  is  one-thousandth  of 
second.  This  is  the  amount  emitted  from 


a  curie,  and  emits  3.5  X  107  beta-rays  per 
one  milligram  of  radium. 
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Element  No.  85  ( Eka-Iodine ).*  Very  recently  Corson,  MacKen- 
zie,  and  Segre  at  the  Radiation  Laboratory  in  Berkeley,  California 
have  prepared  a  new  chemical  element,  No.  85.  The  existence  of  this 
substance  had  long  been  predicted  from  such  compilations  as  the 
periodic  table  of  the  elements.  Because  halogens  other  than  iodine 
have  no  great  affinity  for  thyroid  substance,  it  was  hardly  to  be 
expected  that  this  “eka-iodine”  would  be  trapped  preferentially  in 
the  gland.  Nevertheless,  Hamilton  and  Soley  have  found  that  the 
metabolic  behavior  of  element  85  is  similar  to  that  of  iodine.  Through 
the  courtesy  of  these  investigators  the  following  abstract,  prepared 
personally  by  Dr.  Joseph  G.  Hamilton,  is  quoted: 

The  recent  completion  of  the  60-inch  cyclotron  by  Ernest  0.  Lawrence  and 
his  associates  has  made  it  possible  to  accelerate  alpha  particles  to  sufficient  energy 
to  effect  a  transmutation  of  bismuth  to  element  85.  This  new  element  is  radio¬ 
active,  has  a  half-life  of  7.5  hours  and  emits  alpha  particles.  Previous  attempts 
with  the  smaller  cyclotron  had  been  unsuccessful  since  the  alpha  particles  must 
possess  an  energy  of  above  20  million  volts  to  produce  the  element  85. 

The  element  85  was  prepared  by  the  alpha-particle  bombardment  of  a  water- 
cooled  metallic  bismuth  target.  Following  the  bombardment,  from  100  to  200 
milligrams  of  bismuth  were  scraped  from  the  surface  of  the  target  and  placed  in 
a  small  molybdenum  boat  in  an  evacuated  chamber.  The  boat  was  heated  to 
approximately  400°  C.  by  the  passage  of  an  electric  current  and  the  volatilized 
element  85  collected  on  a  plate  of  glass  suspended  above  the  molten  bismuth. 
The  element  85  was  removed  from  the  glass  plate  by  washing  it  with  carbon 
tetrachloride,  which  was  then  extracted  with  a  dilute  alkaline  solution  of  sodium 
thiosulfate  in  order  to  obtain  this  element  in  an  aqueous  solution.  Radio-iodine 
was  also  used  in  these  experiments  and  was  prepared  by  the  technique  employed 
in  our  previous  studies  with  the  exception  that  no  inert  iodine  was  added  as  a 
carrier;  therefore  the  solution  of  radio-iodine  contained  less  than  one-tenth  of  a 
microgram  of  iodide  per  cubic  centimeter.  The  content  of  both  of  these  radio¬ 
elements  was  determined  for  each  solution. 

The  investigation  of  the  uptake  into  the  thyroid  glands  and  the  rate  of  ex¬ 
cretion  of  these  two  halogens  was  undertaken  with  a  group  of  normal  and 
thyrotoxic  guinea-pigs.  Thyroid  hyperplasia  was  induced  in  these  animals  by  the 
daily  administration  for  a  period  of  one  week  of  a  specially  prepared  thyrotropic 
hormone,  which  was  obtained  through  the  courtesy  of  Dr.  Herbert  M.  Evans 
and  his  associates  at  the  Institute  of  Experimental  Biology  at  the  university  in 
Berkeley.  In  the  first  experiment,  six  thyrotoxic  guinea-pigs  and  four  normal 
animals  were  used.  Each  animal  received  identical  doses  of  radio-iodine  and 
element  85.  Three  thyrotoxic  and  two  normal  animals  were  sacrificed  at  the  end 
of  four  hours  and  the  remainder  at  the  end  of  20  hours.  The  urine  and  feces 
were  collected  for  all  of  the  animals  during  this  study;  and  the  thyroid  gland, 

*  Many  chemists  and  physicists  will  feel  that  “eka-iodine”  is  a  poor  name  because 
the  substance  behaves  more  like  a  metal  than  a  halogen.  It  is  amusing  to  find  that  its 
biological  behavior  is  perhaps  the  best  reason  for  regarding  it  as  a  member  of  the  iodine 
family.  Consequently,  A.  Baird  Hastings  has  suggested  the  name  thynne. 
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blood,  lymph  nodes,  muscle  and  liver  were  removed  from  each  animal  after  it 
was  sacrificed  The  content  of  element  85  and  radio-iodine  was  determined  1 
all  of  these  samples.  Synopsis  A,  given  below  indicates  the  fesults  obtained  m 
this  experiment.  The  same  study  was  repeated  with  the  exception  that  this  was 
continued  for  a  period  of  65  hours,  and  the  results  of  this  investigation  appear  in 
Synopsis  B,  given  below.  The  uptake  of  radio-iodine  and  element  85  into  the 
blood,  lymph  nodes,  muscle  and  liver  was  less  than  one-hundredth  the  amount 
present  in  the  thyroid  glands. 

The  synopses  indicate  that  element  85  is  accumulated  in  the  thyroid  g  an 
and  is  excreted  in  a  manner  very  similar  to  that  of  iodine.  Furthermore,  it  will 
be  noted  that  the  difference  of  uptake  of  iodine  in  the  thyroid  with  relation  to 
the  type  of  animals  used  and  to  the  time  after  administration  was  followed  very 
closely  by  element  85.  These  observations  strongly  suggest  that  element  85  is 
bound  firmly  in  the  thyroid  gland  and  probably  is  attached  to  benzene  rings  in  a 
manner  similar  to  iodine.  The  rapid  excretion  of  element  85  is  further  proof  of 
its  halogen  characteristics.  It  might  be  pointed  out  here  that  the  content  of 
iodine  and  element  85  in  the  feces  was  due  principally  to  contamination  of  the 
fecal  material  from  the  urine  since  it  was  difficult  to  secure  complete  separation 
of  these  two  in  the  metabolism  cages  which  were  available.  The  physiological 
properties  of  this  new  element  are  very  striking  since  chemically  in  many  respects 
element  85  behaves  more  like  a  metal  than  a  halogen. 


Synopsis  A.  Four  hours  after  the  administration  of  iodine  and  of 
element  85,  respectively,  comparative  studies  were  made  with  normal 
animals  in  contrast  to  thyrotoxic  animals.  In  normal  animals,  the 
data  for  iodine  versus  element  85  were  as  follows:  for  thyroid  uptake 
8.5  per  cent  vs.  3.4  per  cent;  for  urinary  excretion  12.4  per  cent 
vs.  8.8  per  cent;  for  fecal  excretion  0.8  per  cent  vs.  less  than  0.1 
per  cent.  In  thyrotoxic  animals,  the  corresponding  comparative 
figures  were:  thyroid  uptake,  26.1  per  cent  vs.  4.2  per  cent;  urinary 
excretion  13.0  per  cent  vs.  16.0  per  cent;  fecal  excretion  1.0  per  cent 
vs.  0.7  per  cent. 

Similar  observations  were  made  at  eighteen  hours.  In  normal 
animals  the  data  for  iodine  versus  element  85  were  as  follows: 
for  thyroid  uptake  16.9  per  cent  vs.  5.4  per  cent;  for  urinary  excre¬ 
tion  37.2  per  cent  vs.  36.0  per  cent;  for  fecal  excretion  17.0  per  cent 
vs.  13.0  per  cent.  In  thyrotoxic  animals,  the  corresponding  values 
were,  thyroid  uptake  38.3  per  cent  vs.  10.7  per  cent;  urinary  excre¬ 
tion  25.7  per  cent  vs.  34.0  per  cent;  fecal  excretion  5.7  per  cent  vs 
8.7  per  cent. 

Synopsis  B.  Data  for  thyroid  uptake  were  compiled  at  four  hours 
at  eighteen  hours  and  at  sixty-five  hours  after  administration  These 
figures  comprise  comparative  values  for  iodine  and  element  8<  in 
both  normal  and  thyrotoxic  animals. 
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At  four  hours,  normal  animals  showed  9*3  per  cent  for  iodine  vs. 
2.9  per  cent  for  element  85.  Thyrotoxic  animals  showed  28.3  per 
cent  vs.  4.3  per  cent. 

At  eighteen  hours,  normal  animals  showed  18.5  per  cent  for  iodine 
vs.  7.1  per  cent  for  element  85.  Thyrotoxic  animals  showed  39.8 
per  cent  vs.  9.7  per  cent. 

At  sixty-five  hours,  normal  animals  showed  18.8  per  cent  for  iodine 
vs.  4.5  per  cent  for  element  85.  Thyrotoxic  animals  showed  31.8 
per  cent  vs.  8.8  per  cent. 

Thus  the  cyclotron  has  provided  another  substance  with  which  the 
biological  behavior  of  the  thyroid  may  be  studied  at  successive  stages. 


CHAPTER  XI 


CLINICAL  PROBLEMS 


Because  progress  during  the  last  ten  years  indicates  that  in  the  next 
decade  striking  advances  will  be  made  in  the  application  of  funda¬ 
mental  knowledge  to  clinical  problems,  it  will  be  profitable  now  to 
take  account  of  stock  in  order  to  see  more  clearly  what  lines  of  in¬ 
vestigation  must  be  pursued  intensively.  Throughout  Chapter  X, 
unknowns  have  presented  themselves  on  nearly  every  page,  but  it 
has  not  been  obvious  which  of  these  had  to  do  with  fundamental 
knowledge,  and  which  promised  speedy  application  in  the  clinic. 
It  is  the  purpose  of  this  chapter  to  elucidate  certain  of  the  roles 
which  iodine  may  play  in  the  treatment  of  patients  presenting  prob¬ 
lems  which  are  primarily  endocrinological  in  character. 

Before  proceeding  with  a  classification  of  such  questions,  it  is  nec¬ 
essary  to  present  a  working  terminology  in  order  that  one  may 
think  clearly  about  them.  Because  there  is  at  present  consider¬ 
able  confusion  in  terminology,  which  leads  to  distorted  thinking, 
it  is  proposed  in  what  follows  to  adopt  the  following  conceptual 
scheme. 

I.  In  the  extant  clinical  literature  there  are  repeated  examples 
of  very  “toxic”  cases  of  exophthalmic  goiter  in  which  the  blood 
iodine  and  iodine  excretion  were  essentially  normal.  In  pointing 
out  the  discrepancy,  it  is  not  always  clear  what  is  meant  by  “tox¬ 
icity.”  It  is  well  recognized  384  that  the  complicated  syndrome  of 
Graves’  disease  includes  certain  symptoms  not  due  specifically  to 
thyroidal  hyperactivity.  Such  are  the  nervous  manifestations  which 
persist  when  the  basal  metabolic  rate  has  become  minus,  or  the  char¬ 
acteristic  eye  changes  which  may  be  found  even  when  frank  myx¬ 
edema  has  ensued. 


The  difficulty  of  correlating  chemical  and  clinical  phenomena  is 
due  to  the  fact  that  whereas  the  chemical  data  relate  directly  to  the 
rate  of  utilization  of  thyroid  hormone,  i.e.,  hyperthyroidism,  the 
chmcal  phenomena  are  in  part  due  (a)  to  hyperthyroidism  and  in 
part  due  (6)  to  some  other  mechanism.54 

Among  the  clinical  signs  which  are  most  clearly  attributable  to 
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hyperthyroidism,  and  which  therefore  may  be  utilized  as  manifesta¬ 
tions  of  increased  thyroid  activity,  are  the  following:  increased  pulse 
rate,  loss  of  weight  (particularly  when  associated  with  increased 
appetite),  and  hypersensitivity  to  warmth  and  increased  tolerance  to 
cold. 

The  degree  of  exophthalmos,  on  the  other  hand,  is  certainly  not 
invariably  related  to  the  degree  of  hyperthyroidism.  Indeed,  one 
may  actually  observe  progressive  increase  in  eye  signs  accompanying 
a  minus  basal  metabolic  rate.  The  various  nervous  phenomena,  al¬ 
though  perhaps  in  part  thyrotoxic  in  their  origin,  vary  so  much 
from  case  to  case  as  not  to  constitute  a  good  criterion  for  pre¬ 
dicting  chemical  findings.  For  the  sake  of  convenience  in  what 
follows,  therefore,  we  shall  distinguish  the  specifically  thyrotoxic 
manifestations  from  those  which  may  be  due  to  some  other 
mechanism.385 

II.  In  the  same  spirit,  when  speaking  of  iodine  metabolism,  it 
will  be  convenient  to  think  of  the  general  level  of  iodine  balance 
which  is  concerned  in  any  given  problem.  These  general  levels  can 
be  divided  arbitrarily  as  follows.  (/)  The  natural  level,  by  which  is 
meant  the  situation  when  the  iodine  intake  and  the  iodine  output  are 
not  far  from  those  normally  met  with  under  strictly  physiological 
conditions.  Even  in  untreated  thyrotoxicosis  one  would  still  be 
working  in  this  general  range.  ( 2 )  The  prophylactic  level,  by  which 
is  meant  the  general  level  of  iodine  intake  and  excretion  which  a  wise 
physician  would  prescribe  for  the  patient  in  order  that  he  might 
avoid  thyroid  disturbance.  In  general,  this  would  tend  to  be  slightly 
higher  than  the  natural  level.  (3)  The  therapeutic  level,  namely,  the 
source  of  iodine  turnover  which  one  would  prescribe  in  classical 
Graves’  disease.  (4)  The  fibrolytic  level,  by  which  is  indicated  the 
huge  turnover  of  iodide  utilized  in  treating  such  conditions  as  acti¬ 
nomycosis,  or  tertiary  syphilis.  In  this  chapter  we  shall  say  very 
little  about  the  last  group,  because  it  falls  outside  the  scope  of  this 
volume.  It  will  be  clear,  however,  that  the  usefulness  of  iodine  ther¬ 
apy  and  of  iodine  analyses  will  be  altered  by  the  level  at  which 
iodine  metabolism  is  being  pursued  in  any  given  instance,  and  that 
in  studying  clinical  problems  from  the  standpoint  of  iodine  metabo¬ 
lism  this  general  level  must  always  be  ascertained.  Therefore,  the 
following  sections  are  separated  according  to  the  daily  dose  0 

iodine. 
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Natural  Level  of  Iodine  Metabolism 
(30  to  200  Micrograms) 


As  pointed  out  in  Chapter  V,  it  is  not  yet  possible  to  predict  from 
the  determination  of  the  fasting  plasma  iodine  whether  or  not  the 
patient  is  suffering  from  lack  of  iodine,  or  from  lack  of  thyroid  hor¬ 
mone.  In  myxedema,  there  is  a  tendency  for  the  total  iodine  to  be 
low,  provided  the  patient  is  not  receiving  an  unusually  high  source 
of  exogenous  iodine  in  the  ingesta  or  from  some  medication.  There 
are  indications  already  that  when  methods  are  better  developed  to 
measure  the  “T”  fraction  of  the  blood  iodine  it  will  then  be  clearer 
whether  the  patient  lacks  thyroxine-like  material  in  his  plasma  or 
not.  This  is  a  problem  which  is  still  distinctly  in  an  investigative 
stage.  Many  cases  of  classical  myxedema,  however,  show  a  “P” 
iodine  (that  is  to  say,  a  protein-precipitable  iodine)  which  is  below 
the  lower  limits  of  normal,  and  is  therefore  of  great  assistance  in 
diagnosis.  In  endemic  goiter,  or  in  simple  goiter  due  to  a  relative 
iodine  lack,  both  the  total  blood  iodine  and  the  “P”  iodine  might  be 
well  above  the  lower  limit  of  normal.  Indeed  the  “T”  iodine  frac¬ 
tion  presumably  would  not  be  particularly  low  except  in  those  regions 
where  severe  endemic  cretinism  abounds.  In  such  places,  there  is 
good  evidence  that  the  tremendous  hypertrophy  of  the  gland  fails 
to  accomplish  its  presumable  teleological  purpose,  namely,  manufac¬ 
ture  of  a  normal  amount  of  thyroxine-like  material,  under  the  handi¬ 
cap  of  a  low  iodine  intake. 

Because  of  the  fact  that  unsuspected  iodide  may  have  been  con¬ 
sumed  by  the  patient  just  prior  to  the  blood  analysis,  it  is  desirable 
usually  to  analyze  for  “P”  iodine  rather  than  for  total  iodine.  The 
application  of  iodine-containing  preparations  to  the  skin  is  often  a 
source  of  unsuspected  iodine  intake.  In  case  of  doubt,  the  plasma 
“I”  fraction  (e.g.,  truly  inorganic)  should  be  determined.  In  such 
instances,  both  the  “I”  and  “P”  fractions  may  be  high.  Plasma 
should  be  used,  as  stated  in  Chapter  IV. 


Even  if  urinary  iodine  were  analyzed  in  a  carefully  collected 
twenty-four-hour  specimen,  it  might  not  reflect  myxedema  or  the 
relative  iodine  lack  of  simple  goiter  because,  as  shown  in  Chapter 
X,  urinary  iodine  may  tell  only  half  of  the  story  of  the  daily  turn- 
oyer  of  the  element.  On  the  contrary,  the  finding  of  an  unusually 
hieh  urinary  iodine  under  conditions  in  which  the  iodine  intake  was 
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carefully  controlled  would  be  very  suggestive  of  hyperthyroidism. 
Thus,  as  described  in  Chapter  IX,  urinary  iodine  excretion  may  be 
well  over  twice  the  normal  average,  especially  in  the  early  stages  of 
hyperthyroid  disturbance.  Later  on  in  the  disease,  when  the  thy¬ 
roidal  stores  are  exhausted,  iodine  excretion  may  again  become  nor¬ 
mal,  even  though  the  hormone  in  the  blood  is  still  high;  because  the 
organism  is  able  to  conserve  and  use  again  a  considerable  amount 
of  iodine  liberated  from  the  degradation  products  of  the  hormone. 

In  the  case  of  true  hyperthyroidism,  whether  part  of  a  classical 
syndrome  of  Graves  or  not,  there  should  be  an  increase  of  “P”  iodine. 
The  finding  of  an  increased  total  plasma  iodine  would  not  be  nearly 
so  conclusive  as  the  finding  of  an  increased  protein-bound  iodine, 
because  such  a  high  level  might  merely  reflect  an  excess  of  circulat¬ 
ing  inorganic  iodide.  It  is  to  be  hoped  that  easy  methods  will  be 
available  for  determining  the  thyroxine-like,  i.e.,  the  “T”  iodine  in 
the  blood  stream,  and  this  probably  will  be  even  more  distinctive, 
although  the  analytical  technique  is  still  rather  difficult.  Neverthe¬ 
less,  the  measurement  of  the  “T”  iodine,  and  perhaps  also  of  the 
“P”  iodine,  affords  a  much  more  direct  estimate  of  the  amount  of 
circulating  thyroid  hormone  than  any  other  index  we  now  know.  This 
will  be  evident  from  a  short  series  of  values  recently  obtained  at  the 
Thorndike  Memorial  Laboratory  in  the  Boston  City  Hospital  by 
Miss  Sophia  M.  Simmons,  as  shown  in  Table  22,  in  Chapter  IV. 

Likewise,  in  thyrotoxicosis,  especially  in  the  early  stages,  the  find¬ 
ing  of  increased  fecal  iodine  is  of  great  interest,  as  indicated  in 
Chapter  IX.  Ordinarily,  fecal  iodine  is  rather  low,  even  when 
considerable  amounts  of  iodide  are  administered  by  mouth  or  intra¬ 
venously;  on  the  other  hand,  in  definite  hyperthyroidism  the  stools 
contain  an  appreciable  percentage,  i.e.,  over  20  per  cent  of  the  total 
iodine  excreted.  The  finding  of  a  high  fecal  iodine  would  be  distinctly 
in  favor  of  a  thyrotoxic  condition,  especially  if  any  other  disturbance 
prone  to  produce  diarrhea  be  excluded. 


Typical  Problems 

It  is  not  the  purpose  of  this  volume  to  discuss  thyroid  disease  from 
a  clinical  standpoint  directly.  There  are  already  in  existence  recent 
textbooks  on  this  subject,  notably  that  of  Means  ReP™“n‘V 
clinical  cases  will  be  outlined,  however,  merely  to  show  how  iodine 
metabolism  may  be  applied  in  the  clinic  and  to  illustrate  the  role  of 
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iodine  under  certain  circumstances  which  are  of  peculiar  clinical 
interest.  Perhaps  one  of  the  most  interesting  features  of  iodine 
metabolism  is  its  use  in  the  diagnosis  of  thyroid  disease  or  in  the 
exclusion  of  hyperthyroidism.  To  this  end,  we  shall  cite  the  blood 
iodine  findings  in  ten  individuals,  recently  seen  in  the  Boston  City 
Hospital,  in  whom  the  thyroid  status  was  considered. 

Case  i.  Normal.  This  patient  was  a  normal  twenty-five-year-old  white  woman. 
The  basal  metabolic  rate  was  plus  2.  Past  history  was  irrelevant  and  the  physical 
examination  and  laboratory  findings  were  normal.  This  individual  serves  as  the 
normal  control  for  the  series  of  cases  which  follows. 

Case  2.  Simple  Goiter  with  Possible  Hypothyroidism.  The  patient  was  a 
seventeen-year-old  single,  white  woman,  the  daughter  of  a  government  official  in 
Switzerland  who,  after  several  years’  residence  in  that  country,  noted  a  diffuse 
swelling  of  the  neck  which  was  diagnosed  by  a  Swiss  internist  as  typical  simple 
goiter,  with  diffuse  bilateral  enlargement  of  the  gland.  Otherwise  there  had  been 
no  symptoms  or  complaints.  The  past  history  was  irrelevant.  The  menstrual 
history  was  normal.  The  patient  had  been  told  that  the  gland  would  become 
normal  “in  time”  on  prophylactic  iodine  therapy.  She  had  taken  one  drop  of 
Lugol’s  solution  each  week  for  about  six  months.  Physical  examination  was 
entirely  negative  except  for  a  moderate  swelling  of  the  gland  with  diffuse  sym¬ 
metrical  enlargement.  The  basal  metabolism  was  minus  10  and  the  plasma  total 
iodine  9.1  gamma  per  cent.  The  erythrocyte  count  was  3,900,000,  the  leukocyte 
count  6,200  and  the  hemoglobin  70  per  cent.  Blood  sugar  and  non-protein  nitro¬ 
gen  were  both  negative.  The  patient  was  treated  with  desiccated  thyroid, 
grain  a  day,  and  reported  after  three  months  that  she  was  in  perfect  health.  The 
pulse  had  risen  from  66  to  80  per  minute.  The  thyroid  was  perhaps  a  little 
smaller.  The  erythrocyte  count  was  now  close  to  5,000,000,  the  hemoglobin 
80  per  cent. 


It  will  be  of  interest  to  follow  this  case  during  the  next  year,  to 
see  whether  or  not  the  addition  of  thyroid  hormone,  with  an  adequate 
iodine  intake,  will  maintain  normal  hemoglobin  and  physical  devel¬ 
opment.  It  is  noteworthy  that  the  blood  iodine  was  within  normal 
limits.  The  question  arises  whether  or  not  determination  of  the  “T” 
iodine  would  be  somewhat  low  in  this  case,  as  suggested  by  the  rather 
low  basal  metabolic  rate. 


Neither  of  these  two  individuals  experienced  generalized  systemic 
discomfort,  and  the  finding  of  normal  values  for  plasma  iodine  is 
consistent  with  this  fact.  By  contrast,  in  the  presence  of  marked  dis¬ 
comfort,  normal  plasma  iodine  may  help  considerably  in  the  diag¬ 
nosis,  as  indicated  by  the  following  cases,  treated  by  Dr.  A.  H.  Coons 


C-  H’  No‘  96i449)-  A  white  widowed  American 
man  aged  fifty-four,  was  admitted  on  November  14,  1939  with  a  chief  com 
plan*  of  nervousness.  The  present  illness  had  begun  witf the  menopause  ”x 
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years  previously.  Since  that  time  she  had  experienced  increasing  nervousness, 
had  lost  fifty  or  sixty  pounds  in  weight,  but  had  noticed  no  increase  in  sweating, 
or  any  tremulousness.  The  family  history  and  past  history  were  irrelevant.  On 
physical  examination  there  was  found  a  well  developed,  fairly  well  nourished 
woman  with  a  markedly  anxious  expression.  The  skin  was  normal.  The  thyroid 
was  not  enlarged.  There  was  no  exophthalmos.  Examination  of  the  heart  failed 
to  show  any  enlargement,  murmur,  or  arrhythmia.  There  was  a  moderate  tremor 
of  the  hands,  rather  coarse  in  type,  the  rapidity  of  which  was  roughly  three 
oscillations  per  second.  The  blood  pressure  was  180/90. 

The  laboratory  examinations  showed  the  urine  to  be  negative  with  a  specific 
gravity  of  1.026.  The  hemoglobin  was  84.  The  erythrocyte  count  was  4,200,000, 
the  leukocyte  count  6,000  per  cubic  millimeter.  The  Hinton  test  was  negative. 
The  non-protein  nitrogen  in  the  blood  was  30  mg.  per  cent.  The  fasting  choles¬ 
terol  was  174  mg.  per  cent.  Two  stools  showed  negative  guaiac  tests.  Shortly 
after  admission  the  basal  metabolic  rate  was  determined  to  be  plus  34.  At  the 
same  time  the  plasma  was  analyzed  for  total  iodine,  which  was  found  to  be 
7.1  gamma  per  cent.  Two  days  later  the  basal  metabolic  rate  was  found  to  be 
plus  8,  and  four  days  after  that  the  basal  metabolic  rate  was  plus  1.  Roentgeno¬ 
logical  examination  was  negative  for  tuberculosis,  or  other  disease  of  the  lung. 

With  rest  in  bed  the  blood  pressure  fell  to  130/80  mm.  Hg  and  the  patient 
was  discharged  on  the  25th  of  November  with  a  diagnosis  as  follows:  Anxiety 
state;  mild,  hypertensive  vascular  disease,  without  cardiac  enlargement. 


In  this  case  the  apparent  increase  in  “basal”  metabolic  rate  prob¬ 
ably  was  due  to  excitement  or  nervousness.  The  low  plasma  iodine 
argued  against  true  elevation  in  basal  metabolism.  Cardiac  decom¬ 
pensation  can  produce  a  similar  confusion  as  seen  in  the  next  case. 


Case  4.  Arteriosclerotic  and  Hypertensive  Heart  Disease  (B.  C.  H.  No.  964840). 
A  white  widowed  American  printer,  aged  sixty-nine,  was  admitted  to  the 
hospital  on  December  14,  1939,  complaining  of  shortness  of  breath.  The 
present  illness  had  begun  one  year  previously,  when  he  began  to  notice  dyspnea 
on  exertion,  and  edema  of  his  ankles.  For  a  month  he  had  had  paroxysmal 
attacks  of  asthma,  often  nocturnal,  and  had  suffered  from  a  chronic  cough. 
Three  days  before  entry  these  symptoms  became  markedly  aggravated.  Except 
for  a  history  of  chronic  alcoholism,  the  past  history  was  irrelevant.  Physical 
examination  revealed  a  slightly  obese,  overactive,  dyspneic  elderly  male,  sitting 
up  on  three  pillows.  The  neck  veins  were  distended.  Examination  of  the  chest 
showed  dullness  at  the  right  base  with  rales  in  this  area.  The  heart  was  slightly 
enlarged  to  the  left;  the  rate  was  no  at  the  apex,  with  grossly  irregular  pulses 
at  the  wrists  both  in  terms  of  rhythm,  and  in  force.  The  abdomen  was  distended 
with  shifting  dullness,  indicative  of  fluid.  A  tender  liver  edge  could  be  barely 
made  out,  one  cm.  below  the  right  costal  margin.  There  was  pitting  edema  of 
the  legs  as  high  as  the  knees.  The  blood  pressure  was  200/140  mm.  Hg.  lhe 
extremities  showed  a  coarse  tremor.  There  was  no  exophthalmos,  or  lid  lag. 

The  laboratory  examination  showed  the  urine  to  be  negative  except  for  a  ew 
casts  and  a  very  slight  trace  of  albumin  on  one  examination.  Erythrocyte  and 
leukocyte  counts  were  normal.  The  blood  Hinton  was  negative  The  non-protein 
nitrogen  was  46  mg.  per  cent.  The  blood  cholesterol  was  188  mg.  per  cent. 
X-ray  of  the  heart  showed  marked  cardiac  deformity  characteristic  of  hyper- 
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tensive  heart  disease,  accompanied  by  mild  pulmonary  congestion.  Electro¬ 
cardiogram  showed  inverted  T  wave  in  Lead  3  and  auricular  fibrillation. 

Because  of  the  marked  nervousness  and  the  almost  athetoid  movements  of  the 
patient,  together  with  redness  of  the  face  (a  sort  of  salmon-pink  color) ,  hyper¬ 
thyroidism  was  suspected.  Accordingly,  on  the  19th  of  December  the  basal 
metabolic  rate  was  done  and  found  to  be  zero.  Simultaneously,  plasma  P 
iodine  was  determined  (protein-bound  iodine)  and  found  to  be  7.7  gamma  per 
cent.  On  the  5th  of  January  the  basal  metabolic  rate  was  again  determined  and 
found  to  be  minus  3.  The  patient  was  discharged  soon  thereafter,  with  a  diag¬ 
nosis  of  hypertensive  and  arteriosclerotic  heart  disease,  generalized  arterioscle¬ 
rosis,  chronic  alcoholism,  cardiac  decompensation  with  congestive  failure.  In 
this  case,  although  the  symptomatology  at  the  bedside  suggested  hyperthyroidism, 
the  basal  metabolic  rate  argued  against  this  diagnosis,  and  the  blood  iodine  was 
normal. 

In  this  last  case  both  the  basal  metabolic  rate  and  the  plasma 
iodine  concentration  were  incompatible  with  the  bedside  impression 
of  hyperthyroidism.  In  contrast  to  this  case  was  a  somewhat  similar 
one,  as  follows. 

Case  5.  Auricular  Fibrillation  and  Congestive  Heart  Failure  (B.  C.  H. 
No.  965392).  A  forty-four-year-old  married  Lithuanian  housewife  was  admitted 
to  the  hospital  on  December  14,  1939,  complaining  of  “aching  around  the  heart” 
for  four  days.  The  patient  would  not  admit  to  being  ill  prior  to  four  weeks 
previously,  when  she  began  to  have  slight  dyspnea  on  exertion,  with  palpitation 
and  irregular  heart  action.  No  history  of  orthopnea  or  ankle  edema  could  be 
obtained.  She  had  been  separated  from  her  husband  recently,  and  had  worried 
a  great  deal  about  finances  and  other  problems.  On  direct  questioning  there  was 
no  history  of  excessive  sweating;  the  appetite  and  the  weight  were  said  to  have 
been  constant  for  many  years.  The  past  history  revealed  no  rheumatic  heart 
disease,  indeed,  no  history  of  recent  illness  could  be  elicited  except  for  chronic 
varicose  veins.  Physical  examination  revealed  a  thin,  anxious  woman  with  very 
red  elbows  (Plummer’s  sign)  and  distended  neck  veins.  Ophthalmoscopic  ex¬ 
amination  showed  tortuous,  narrow,  retinal  arteries.  The  thvrnid  w,c  rw 


globin  was  75  per  cent.  The  white 


count  was  4,400,000;  the  hemo- 


count  was  16,000  on  admission,  falling  to 
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6,400.  The  blood  Hinton  was  negative.  The  non-protein  nitrogen  was  40  mg. 
per  cent;  the  cholesterol  was  112.  An  electrocardiogram  showed  auricular 
fibrillation  with  premature  ventricular  beats.  The  T-wave  in  Leads  2  and  3 
was  inverted,  with  a  low  origin.  X-ray  of  the  chest  showed  deformity  of  the 
heart  characteristic  of  hypertensive  heart  disease.  The  internal  diameter  of  the 
chest  was  26  cm.;  the  total  diameter  of  the  heart  was  14  cm.  Lung  fields  were 
clear. 

On  the  26th  of  December  the  basal  metabolic  rate  was  done  and  found  to  be 
plus  39  per  cent.  At  the  same  time,  blood  plasma  iodine  was  done  and  found 
to  be  9.7  gamma  per  cent,  i.e.,  normal.  Three  days  later  the  basal  metabolic 
rate  was  again  done  and  found  to  be  plus  37  per  cent.  On  the  3rd  of  January, 
however,  it  was  found  to  be  only  plus  18  and  it  subsequently  became  normal. 
Under  treatment  with  digitalis  and  salyrgan,  together  with  prolonged  rest  in  bed, 
the  pulse  dropped  from  137  to  70  and  the  pulmonary  congestion  cleared,  as  did 
the  edema  of  the  extremities.  The  patient  was  discharged  improved  with  a 
diagnosis  as  follows:  Hypertensive  and  arteriosclerotic  heart  disease  with  auricu¬ 
lar  fibrillation  and  congestive  heart  failure. 

This  case  of  cardiac  failure  showed  the  elevation  in  “basal”  meta¬ 
bolic  rate  not  uncommonly  found  during  decompensation.  Unlike 
the  preceding  case,  the  plasma  iodine  concentration  failed  to  agree 
with  the  rate  of  oxygen  consumption,  and  the  clinical  course  showed 
that  the  iodine  was  the  better  guide.282 

In  the  following  case,  studied  by  Dr.  Chester  S.  Keefer,  recurrent 
hyperthyroidism  was  suspected  12  years  after  an  operation  for  this 
condition. 

Case  6.  Toxic  Adenomatous  Goiter.  Mrs.  F.  L.  had  a  subtotal  thyroidectomy 
in  1925  at  the  age  of  forty-seven.  In  1939,  she  was  admitted  to  the  Evans 
Memorial  on  account  of  symptoms  of  recurrent  hyperthyroidism,  hypertension, 
and  generalized  osteoporosis.  The  basal  metabolic  rate  was  plus  80  per  cent,  the 
blood  pressure  was  200  mm.  Hg  systolic  and  100  mm.  diastolic.  By  roentgen- 
ray  examination  it  was  demonstrated  that  there  was  a  generalized  decalcification 
of  the  skeleton  which  was  most  striking  in  the  bones  of  the  spine.  For  several 
years  she  has  been  followed  carefully  and  there  has  been  temporary  improve¬ 
ment  following  the  use  of  Lugol’s  solution;  that  is,  the  basal  metabolic  rate  has 
been  reduced  repeatedly,  she  has  gained  weight,  and  more  recently  there  has  been 
evidence  that  she  has  begun  to  retain  calcium. 

The  plasma  “P”  iodine  was  18.6  gamma  per  cent  on  admission. 
After  treatment  with  compound  solution  of  iodine  the  basal  meta¬ 
bolic  rate  fell  to  plus  19  per  cent.  At  this  time  plasma  “P  ’  iodine 
was  repeated  and  seemed  not  to  have  dropped,  i.e.,  194  was  the 
value  found.  Further  work  is  needed  on  this  point,  but  the  present 
evidence  indicates  that  with  the  exception  of  florid  Graves’  disease, 
the  plasma  “P”  iodine  does  not  characteristically  fall  under  iodide 
therapy.  Indeed,  it  tends  to  rise,  and  this  elevation  seems  to  be  even 
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more  pronounced  in  euthyroid  and  myxedematous  individuals  than 
in  thyrotoxic  patients,  as  stated  in  Chapter  IV,  footnote,  p.  99*. 

In  this  case  both  the  basal  metabolic  rate  and  the  plasma  iodine 
agreed  with  the  admission  diagnosis.  The  “P”  iodine  remained  ele¬ 
vated  after  treatment  with  iodide,  even  though  the  basal  metabolic 
rate  fell,  with  simultaneous  clinical  improvement.  This  point  will 
be  discussed  later.  In  the  next  case  the  diagnosis  was  far  from  easy, 
and  the  plasma  iodine  concentration  was  therefore  especially 


interesting. 

Case  7.  Toxic  Diffuse  Goiter  (B.  C.  H.  No.  963562).  A  thirty-nine-year-old 
white  married  male  janitor  was  admitted  on  December  3*  *939i  complaining  of 
weakness  of  six  months’  duration.  The  present  illness  had  started  insidiously 
with  weakness,  loss  of  weight,  increased  appetite,  excessive  perspiration,  in¬ 
creased  frequency  of  bowel  movements,  and  intolerance  to  cold  weather.  This 
series  of  events  had  come  on  about  six  months  after  the  patient  had  had  severe, 
crushing,  substernal  pain,  lasting  several  hours,  diagnosed  at  that  time  as  char¬ 
acteristic  coronary  infarction.  A  week  before  entry  his  weakness  had  become 
so  extreme  that  he  took  to  his  bed,  and  for  three  days  before  entry  he  had  been 
having  precordial  pain  in  paroxysms  lasting  for  five  to  ten  minutes.  The  past 
history  revealed  that  the  patient  had  suffered  from  joint  pains  at  the  age  of  12, 
lasting  nearly  a  year,  and  that  he  had  had  diphtheria  in  childhood.  Physical 
examination  revealed  a  nervous  middle-aged  man  with  a  moist,  warm  skin.  The 
patient  had  very  prominent  eyes,  with  infrequent  winking,  and  a  definite  lid  lag. 
On  questioning,  however,  he  said  that  his  eyes  had  always  appeared  so.  His 
thyroid  could  not  be  palpated.  Repeated  examination  of  the  heart  revealed 
paroxysmal  auricular  fibrillation.  The  heart  was  enlarged  to  the  left.  The  pul¬ 
monic  second  sound  was  split.  The  liver  edge  was  2  cm.  below  the  right  costal 
margin,  but  no  peripheral  edema  of  the  extremities  could  be  discovered.  The 
blood  pressure  was  110/80  mm.  Hg. 

Laboratory  examinations  were  as  follows:  The  urine  was  negative.  The  ery¬ 
throcyte  count  was  4,800,000  with  a  hemoglobin  of  99  per  cent.  The  leukocyte 
count  was  6,700  with  a  normal  differential  count.  The  stool  showed  no  guaiac 
reaction.  Blood  cholesterol  on  two  occasions  was  246  and  232  mg.  per  cent,  re¬ 
spectively.  The  corrected  sedimentation  rate  was  0.4  mm.  per  minute.  A  chest 
plate  showed  a  very  slight  deformity  of  the  heart,  suggesting  rheumatic  heart 
disease.  The  electrocardiogram  showed  the  absence  of  the  R-wave  in  Lead  4 
characteristic  of  an  old  coronary  infarct. 


On  the  7th  of  December  the  basal  metabolic  rate  was  found  to  be  plus  30  per 
cent,  and  on  the  nth  it  was  repeated  and  found  to  be  nlns  At  tw 


the  plasma  iodine  was  found  to  be  16.4  gamma  per  cent. 
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very  line  tremor  in  the  hands  indicated  slight  evidence  of  nervousness.  The 
definitely  elevated  protein-bound  iodine,  twice  found,  was  even  more  suggestive 
of  thyrotoxicosis.  After  considerable  cogitation  it  was  decided  that  (/)  this 
patient  had  Graves’  disease;  that  (2)  the  amount  of  hyperplasia  in  his  thyroid 
gland  was  very  minimal;  but  that  (3)  he  suffered  from  both  (a)  definite  thyro- 
toxicity,  and  (6)  moderate  nervousness.  In  consequence,  a  therapeutic  trial 
with  iodine  therapy  was  begun  on  the  18th  of  December;  the  patient  received 
5  minims  of  compound  solution  of  iodine  three  times  a  day.  On  the  20th  the 
basal  metabolic  rate  had  dropped  to  plus  19  per  cent;  on  the  22nd  to  plus  7; 
on  the  24th  (a  week  after  the  beginning  of  therapy)  the  basal  metabolic  rate 
was  o;  on  the  28th  it  had  reached  minus  2.  At  this  time  blood  plasma  iodine 
was  again  done,  and  the  organic  protein-bound  iodine  was  found  to  be  9.8  gamma 
per  cent,  that  is,  normal.  On  the  2nd  of  January  a  subtotal  thyroidectomy  was 
done,  and  on  the  9th  blood  plasma  “P”  iodine  was  determined  again  as  10. o 
gamma  per  cent.  The  patient  had  a  rapid  convalescence,  nervousness  had  dis¬ 
appeared  and  the  cardiac  disturbance  had  ceased.  The  metabolic  rate  at  dis¬ 
charge,  on  the  nth  of  January,  was  minus  8  per  cent. 


The  following  two  cases  illustrate  the  low  values  of  “P”  iodine 
found  in  hypothyroidism  (Cases  8  and  9). 

B.  C.  H.  No.  966080.  A  white,  single,  well-matured,  slightly  obese  girl  of  six¬ 
teen  years  entered,  complaining  of  persistent  inflammation  and  pain  in  the  left 
ankle  of  three  weeks’  duration. 

At  the  age  of  nine  years,  menses  had  begun  and  continued  regularly  at  inter¬ 
vals  of  three  weeks.  At  that  age,  mammary  development  and  pubic  hair  had 
been  nearly  mature,  and  the  patient  had  appeared  full  grown.  Physical  examina¬ 
tion  revealed  an  intelligent,  mature  woman.  Complete  ophthalmological  examina¬ 
tion  was  negative.  The  mammae  were  large,  with  erectile  nipples.  There  was 
definitely  masculine  distribution  of  pubic  hair,  together  with  considerable  hair 
over  the  sternum.  The  lateral  abdomen  showed  a  few  purplish  striae.  No  evi¬ 
dence  of  suprarenal  masses  was  found.  Pelvic  examination  revealed  a  vaginal 
discharge,  but  a  normal  uterus  and  no  ovarian  tumor.  The  skin,  generally,  was 
rather  rough,  dry  and  cold.  The  hair  was  coarse  and  brittle.  The  blood  pressure 
was  125/90. 

The  erythrocyte  count  was  3,900,000  per  cubic  millimeter.  The  hemoglobin 
was  85  per  cent  (Sahli).  The  blood  cholesterol  was  172  mg.  per  cent.  The  sugar 
tolerance  curve  was  normal.  The  plasma  “P”  iodine  was  4.8  gamma  per  cent. 
The  basal  metabolic  rate  was  minus  27  per  cent.  Examination  by  x-ray  revealed 
a  normal  sella  turcica. 


This  case  responded  clinically  to  thyroid  extract,  as  indicated  by 
changes  in  the  skin,  increase  in  mental  activity  and  elevation  in  the 
basal  metabolic  rate.  No  definite  endocrinological  diagnosis  was 
made  other  than  “pluriglandular  syndrome.”  In  contrast  to  this 
rather  vague  assortment  of  abnormal  findings  is  the  following  case 
of  classical  myxedema  (Case  9). 
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M  G  H  No  227433.  A  twenty-eight-year-old  white  married  woman  entered 
complaining  that  for  eight  years  she  had  been  gaining  in  weight.  In  the  past  five 

years  she  had  gained  forty  pounds.  . 

Physical  examination  revealed  a  dry,  rough  skin.  The  tongue  was  enlarged 
and  thick.  Speech  was  slow.  There  were  “fat  pads  ’  over  the  clavicles. 

The  erythrocyte  count  was  4,100,000  per  cubic  millimeter;  the  hemoglobin 
was  80  per  cent  (Tallqvist).  Blood  cholesterol  was  312  mg.  per  cent.  Sugar 
tolerance  curve  was  not  remarkable.  The  plasma  “P  iodine  was  4.6  gamma 
per  cent.  The  basal  metabolic  rate  was  minus  43  per  cent.  The  electrocardio¬ 
gram  showed  low  voltage. 


Little  difference  in  plasma  “P”  iodine  can  be  demonstrated  be¬ 
tween  classical  cases  of  myxedema  and  the  so-called  “forme  fruste” 
of  the  vague  polyglandular  syndromes.  Perhaps  eventually  a  study 
of  the  “T”  iodine  fraction  will  elucidate  this  puzzling  lack  of  dis¬ 
tinction.  Of  course,  the  time  interval  required  to  develop  com¬ 
pletely  full  blown  myxedema  may  be  several  years,  and  this  fact 
per  se  may  explain  some  of  the  differences.  In  addition,  the  exceed¬ 
ingly  small  concentrations  of  “P”  iodine  in  these  hypothyroid  cases 
are  so  close  to  the  overall  blank  of  the  technical  methods  now  avail¬ 
able  that  perhaps  variation  in  the  blank  itself  obscures  fine  differences 
in  the  true  “P”  iodine,  as  mentioned  in  Chapter  IV. 

Finally,  at  the  other  extreme,  is  the  rather  terrifying  state  of  thy¬ 
roid  storm.  This  illustrative  case  has  been  reserved  until  the  last 
because  it  fortunately  constitutes  a  clinical  rarity  (Case  10). 


B.  C.  H.  No.  971348-  A  single  white  girl,  aged  twenty  years,  entered  in  coma 
characterized  by  intervals  of  wild  delirium.  For  some  weeks  she  had  become 
progressively  nervous  and  irritable  and  her  eyes  had  been  called  “staring.”  A 
physician  had  been  questioned  over  the  telephone  and  arrangements  had  been 
made  for  a  determination  of  the  basal  metabolic  rate.  Soon  afterwards  the  pa¬ 
tient  became  comatose.  K 


Physical  examination  showed  a  flushed,  cyanotic,  thin  young  woman,  wildly 
thrashing  her  arms  about.  The  eyeballs  were  only  slightly  prominent.  The  thy- 
roid  was  diffusely  enlarged,  with  marked  thrill  and  bruit.  The  isthmus  could  be 
palpated.  The  heart  rate  was  160.  The  heart  sounds  were  forceful,  resembling 

w’  A  0Ut  tl(>tac  Tiality.  The  lung  fields  were  filled  with  moist 
.  The  blood  pressure  was  90/40.  The  temperature  was  103°  F 

sinus  tachycardia!  i0di"e  '8  gamma  P"  Cent'  E1“trocardiogram  showed 

Wa?  ttTed  Wi -h  intramus™lar  digitalis,  morphia,  tourniquets  to 
the  extremities,  a  cohol  sponging,  and  absolute  quiet.  Heavy  doses  of  barbitu 
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2  5°  ENDOCRINE  FUNCTION  OF  IODINE 

The  patient  remained  restless  and  comatose  for  three  days.  Then  the  pulse 
rate  slowly  fell,  the  temperature  became  normal,  and  on  the  fifth  day  glucose 
and  fluids  could  be  given  by  nasal  tube.  One  week  after  entry  the  patient  was 
sufficiently  improved  to  take  the  routine  house  diet  and  feed  herself. 

This  patient  illustrates  a  happy  outcome  of  the  much  dreaded 
storm,  occurring  in  an  untreated  case.  It  is  decidedly  a  rarity,  first, 
because  the  patient  went  into  storm  spontaneously,  and,  secondly, 
because  she  recovered.  The  mortality  in  such  cases  is  probably  well 
over  50  per  cent. 

It  should  be  remarked  that  the  plasma  “P”  iodine  is  the  highest 
in  this  series.  No  attempt  was  made  to  determine  the  basal  meta¬ 
bolic  rate. 


The  findings  in  these  various  cases  are  summarized  in  Table  43 
for  comparative  purposes.  It  should  be  noted  that  the  values  given 
by  the  method  employed  are  about  2  to  3  gamma  per  cent  higher 
than  the  probable  absolute  truth. 

Comment.  As  one  surveys  the  above  table,  it  is  clear  that  in 
Cases  No.  2,  No.  3,  No.  4,  and  No.  5  the  determination  of  blood 
iodine  concentration  was  a  useful  laboratory  procedure  which,  in 
conjunction  with  the  other  clinical  data,  made  the  diagnosis  more 
certain.  It  should  be  repeated  that  not  too  much  stress  should  be 
laid  upon  the  actual  numerical  values  reported  here,  because  they 
should  be  gauged  on  the  basis  of  the  normal  for  the  laboratory  and 
region  involved.  It  must  also  be  remembered  that  the  finding  of  a 
normal  blood  iodine  is  of  great  value  in  ruling  out  a  thyrotoxic  con¬ 
dition,  in  the  sense  of  an  increased  hormone  concentration  in  the 
blood.  Referring,  however,  to  our  initial  concept  of  thyroid  disturb¬ 
ance,  one  can  see  that  it  is  possible  to  have  (/)  Graves  disease, 
( 2 )  goiter,  with  the  classical  findings  in  the  thyroid  characteristic 
of  exophthalmic  goiter;  accompanying  (3)  the  functional  status 
of  (a)  no  hyperthyroidism,  and  ( b )  an  extremely  nervous  state. 
Many  clinicians  do  not  realize  that  this  possibility  occurs,  and  there¬ 
fore  tend  to  lump  “toxicity”  of  the  patient  under  a  general  heading 
of  “thyroid  disturbance.”  Nevertheless,  as  pointed  out  in  Chap¬ 
ter  IV,  both  Curtis  in  Ohio  and  Perkin  in  Boston  have  found  that 
over  one-tenth  of  their  cases  show  a  normal  blood  iodine  in  the 
presence  of  definite  Graves’  disease,  or  allied  disturbance.  These 
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cases,  in  general,  are  those  in  which  the  disease  has  been  neglected 
and,  in  consequence,  the  iodine  reserve  of  the  patient  has  been 
depleted,  so  that  the  thyroid  no  longer  has  the  crude  material 
with  which  to  make  hormone  in  excess.  Perkin  and  Hurxthal  431 
have  pointed  out  that  such  cases  are  likely  to  recur  after  ther¬ 
apy. 

Although  in  Europe  the  term  “Jodbasedow”  is  USed  to  mean  the 
appearance  of  hyperthyroidism  in  a  patient  who  was  not  previously 
hyperthyroid,  or  even  suspected  of  excessive  thyroid  activity,  it 
seems  likely  to  the  author  that  these  cases  are  most  numerous  in 
regions  where  the  iodine  supply  is  relatively  low  and  where,  in  conse¬ 
quence,  a  hyperactive  gland  would  be  unable  to  manufacture  as 
much  excess  hormone  as  it  could  in  a  coastal  region,  rich  in  iodine. 
Among  other  investigators  in  Austria,  Raab  pointed  out  the  possible 
high  incidence  of  deleterious  effects  in  individuals  receiving  iodine 
in  medication  or  as  iodide  salt.  The  opinion  has  been  held  among 
the  Viennese  medical  profession  that  the  indiscriminate  use  of  iodine 


was  malpractice  because  it  apparently  was  so  prone  to  induce  hyper¬ 
thyroidism  among  the  inhabitants.  In  short,  one  can  suspect  that 
the  word  “Jodbasedow”  really  means  that  a  latent  hyperthyroidism 
was  exaggerated  and  became  manifest  when  the  crude  material 
needed  for  making  hormone  in  excess  became  available. 


Further  evidence  of  this  difference  between  European  and  North 
American  goiter  has  been  collected  by  Hellwig  and  presented  at  the 
Graduate  Fortnight  of  the  New  York  Academy  of  Medicine  in  1939. 
He  pointed  out  that  in  North  America  70  per  cent  of  goiters  become 
“toxic,”  whereas  in  Bern,  Switzerland  only  4  per  cent  become  toxic. 
Indeed,  80  per  cent  of  American  adults  with  diffuse  colloid  goiter 
ultimately  develop  thyrotoxicosis.  Corresponding  to  this  clinical 
difference  is  the  pathological  finding  that  the  average  weight  of  the 
thyroid  gland  in  North  America  is  much  less  than  that  in  Bern  al¬ 
though  the  average  size  of  the  follicles  in  North  American  glands  is 

hlht  ;T'  e-Se  stnklng  differences  appear  rather  extreme  in  the 
g  of  figures  given  by  Means  884  for  Massachusetts,  namely  i , 
per  cent  toxicity.  Read’s  data 451  seem  to  disagree.  3 

In  this  regard,  Case  2  is  particularly  interesting  because  it  illus 
rates  the  goitrous  enlargement  characteristic  of  many  inhabi  nts 
O  an  iodine-poor  district,  in  this  case,  Switzerland  The  enlarged 
gland  had  evidently  managed  to  produce  a  normal  amount  of  hor 
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mone,  as  indicated  by  the  blood  iodine;  and  yet,  if  anything,  the 
basal  metabolic  rate  was  on  the  low  side  of  standard  normal.  In 
treating  this  type  of  case,  the  physician  should  be  wary  of  supply¬ 
ing  large  amounts  of  iodine  for  fear  of  an  exacerbation  in  the  output 
of  hormone.  An  ideal  form  of  therapy  at  first  would  consist  in  small 
doses  of  thyroid  hormone  itself,  because,  as  shown  in  previous 
chapters,  the  hormone  would  tend  to  suppress  pituitary  activity  and 
set  the  thyroid  at  rest.  The  actual  ideal  dosage  is  a  matter  of  dispute, 
but  obviously  it  should  not  exceed  the  normal  physiological  require¬ 
ment,  namely,  about  2  to  3  grains  of  desiccated  thyroid  a  day, 
containing  roughly  250  to  390  micrograms  of  iodine  in  the  form  of 
thyroid  hormone.  Of  course  the  medication  could  be  given  either  as 
desiccated  thyroid  or  as  thyroxine.  This  amount,  however,  is  max¬ 
imal  for  adults  and  many  clinicians  would  prefer  to  start  with  not 
more  than  20  per  cent  of  this  dosage,  gradually  increasing  it  if 
need  be.  Such  therapy  could  be  continued  for  many  weeks,  but 
because  the  larger  doses  tend  to  suppress  thyrotropic  hormone  ac¬ 
tivity  somewhat,  some  clinicians  prefer  to  use  it  intermittently. 
Eventually  such  therapy  can  be  supplemented  by  small  doses  of 
iodine  in  the  prophylactic  range,  to  be  described  presently.  Not 
infrequently,  under  such  therapy,  the  goiter  will  become  smaller  in 

the  course  of  months  or  years. 

In  general,  doses  above  2  grains  of  United  States  Pharmacopeial 
desiccated  thyroid  per  day  must  be  used  with  considerable  caution. 
This  is  particularly  true  in  individuals  who  have  no  active  thyroid 
tissue  of  their  own,  i.e.,  are  athyreotic.  Such  patients  have  no  physio¬ 
logical  buffer  mechanism,  and  can  easily  be  made  hyperthyroid.  In 
cretins  this  is  particularly  noticeable,  and,  in  fact,  the  factor  of 
safety  between  adequate  and  toxic  dosage  is  very  low. 7  On  the 
other  hand,  certain  patients  apparently  require  dosage  of  over  3  or 
4  grains  a  day  in  order  to  maintain  them  in  suitable  metabolic  ba  - 
ance  Hoskins  254  has  recently  called  attention  to  the  fact  that  many 
cases  of  obscure  endocrine  imbalance  can  be  helped  definitely  by 
using  a  superabundance  of  thyroid  hormone,  meanwhile  observing 
the  patient  carefully  for  untoward  symptoms  of  hyperthyroidism. 
Such  cases  of  course,  have  an  unusually  high  iodine  metabolism 
but  it  is  entirely  exogenous.  There  need  be  no  fear  that  additional 
iodide,  if  used,  will  neutralize  this  thyroid  medication  because  as 
Segall  503  showed  many  years  ago,  the  administration  of  lodi 
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any  form  has  no  antagonistic  effect  upon  the  action  of  thyroid  or 
thyroxine  supplied  artificially  for  therapeutic  purposes. 

Case  7  is  interesting  because  of  the  pronounced  fall  in  organic 
iodine  as  the  basal  metabolic  rate  dropped  to  normal  under  the  in¬ 
fluence  of  compound  solution  of  iodine,  U.  S.  P.  Here  was  definite 
evidence,  over  the  course  of  a  few  days,  that  the  circulating  protein- 
precipitable  “P”  iodine,  i.e.,  presumably  circulating  hormone,  had 
definitely  decreased.  Together  with  the  therapeutic  test  of  the  effect 
of  the  Lugol’s  solution,  this  constituted  very  satisfactory  evidence 
that  the  patient  really  had  been  suffering  from  thyrotoxicosis,  as  well 
as  nervousness;  and,  on  the  basis  of  this  evidence,  it  was  thought 
desirable  to  remove  his  thyroid.  The  effect  of  using  this  iodine 
therapeutically  will  be  discussed  below,  but  at  the  moment  it  may 
be  observed  that  this  therapeutic  test  of  iodine  has  been  emphasized 
by  Means  383  as  a  very  important  diagnostic  procedure,  when  care¬ 
fully  performed.  It  is,  of  course,  essential  that  the  “basal”  metabolic 
rate,  as  nearly  as  it  can  be  obtained  in  nervous  patients,  should  have 
reached  a  plateau,  when  plotted  against  time,  before  any  iodine  be 
administered.  Thereupon  a  sudden  further  drop  is  highly  suggestive, 
particularly  when  the  rate  falls  within  the  limits  given  for  the  cases 
studied  by  Thompson  and  his  collaborators.540 


Prophylactic  Level  (200  to  1000  micrograms) 

Although  it  is  well  known  that  the  treatment  of  simple  goiter  or 
colloid  goiter  often  must  be  surgical,  it  has  been  abundantly  demon¬ 
strated  in  the  last  generation  that  such  goiters  can  be  prevented  in 
large  measure  by  the  prophylactic  use  of  iodine.  Since  the  striking 
demonstration  of  Marine  and  Kimball  (1917)  ,358  the  chief  uncer 
Uinty  in  this  method  has  been  the  amount  of  Mine  which  should  be 
used.  As  stated  in  another  chapter,  normal  men  can  be  maintained 
n  iodine  equilibrium  on  intakes  as  low  as  20  micrograms  a  day 

rIih™0irral/eople;ngest  at  ieast  80  micro«rams  *  day’ 

„er  132  tIcuSi  V  adv0Cated  2000  micrograms  a  day,  Eggenber- 
8  .  ^  93S-1,  from  7°  to  140  micrograms  per  day,  and  Marine  352 

75  micrograms  per  day.  Means  ~  has  compromised  on  one  Z  of 
ompound  solution  of  iodine  a  week,  containing  7875  micrograms 
or  1125  micrograms  per  day.  Inasmuch  as  this  lit  a  ?  *’ 

above  the  ordinary  amount  of  iodine  prod’uced  by  the  nmZ  Ty 
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roid  in  twenty-four  hours,  it  seems  a  reasonable  dose  to  use.  Of 
course,  the  thyroid  retraps  and  uses  again  a  considerable  amount 
of  the  iodine  released  each  day  from  the  thyroid,  so  that  this  amount 
would  presumably  be  generous.  As  evidence  of  the  wide  discrepancy 
in  opinion  as  to  the  amount  needed,  one  may  compare  the  percentages 
of  iodine  used  in  iodide  salt  in  different  parts  of  the  world.  Of  course, 
the  chief  reason  for  limiting  iodine  to  very  small  amounts  is  the  fear 
of  so-called  “Jodbasedow,”  but  this  problem  has  been  discounted 
by  Kimball.  He  found  that  only  4  per  cent  of  those  individuals  who 
had  used  iodide  salt  later  developed  thyrotoxicosis,  whereas  56  per 
cent  of  similar  individuals  who  did  not  use  iodide  salt  or  other  iodine 
medication  later  developed  thyrotoxicosis. 

Kimball  280  also  has  recently  reviewed  the  efficacy  of  goiter  pro¬ 
phylaxis  through  iodine  in  the  past  generation  and  has  pointed  out 
in  a  very  convincing  way  the  effectiveness  of  this  therapy.  Other 
factors,  however,  may  possibly  intervene  from  a  practical  standpoint. 
For  example,  Joll  264  (1932)  reported  that  in  Derbyshire,  England, 
there  had  been  an  increase  in  the  number  of  children  showing  goiter 
since  the  institution  of  iodine  prophylaxis.  Possibly  diet  is  partly 
responsible,  as  indicated  by  the  development  of  goiter  in  Chesney’s  84 
rabbits.  For  many  years  McCarrison  376  maintained  that  goiter  in 
India  was  the  result  of  infection,  particularly  of  water  pollution; 
and,  as  stated  elsewhere,  it  is  true  that  the  presence  of  infection,  as 
well  as  the  presence  of  pregnancy,  will  increase  the  need  for  hormone 
and  therefore  the  need  for  iodine.  In  pregnancy  many  clinicians  give 
iodine  to  women  if  they  show  a  low  metabolic  rate,  whether  or  not 
they  have  goiter.  Indeed,  in  some  patients  showing  a  low  metabolic 
rate  the  increase  in  the  iodine  supply  eventually  brings  the  metabo¬ 
lism  back  to  a  normal  level,  and  in  such  cases  the  gland  often 

diminishes  in  size. 

Therapeutic  Level  (2  to  75  mg.) 

By  comparison  with  the  figures  given  in  the  preceding  section, 
the  amounts  of  iodine  ordinarily  administered  by  clinicians  in  the 
treatment  of  hyperthyroidism  are  really  huge.  It  is  not  uncommon 
in  this  day  and  age  for  patients  to  receive  15  minims  of  compound 
solution  of  iodine  three  times  a  day,  totaling  over  375  mg.  of  iodine. 
This  dose  is,  of  course,  a  thousand  times  the  normal  daily  require¬ 
ment  of  iodine,  and  it  is  indeed  striking  that  usually  it  leads  to  no 
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definitely  toxic  effects,  apart  from  the  rare  case  of  hypersensitivity  or 
iodism.  Of  course,  such  large  doses  are  not  necessary,  as  shown 
by  W.  O.  Thompson  and  his  collaborators.513  They  found  that  1 
minim  of  Lugol’s  solution  a  day  was  usually  ample,  that  is,  less 
than  12  mg.  of  iodine  a  day  produce  the  maximal  response  in  cases  of 
classical  Graves’  disease.  They  did  find,  to  be  sure,  that  some  pa¬ 
tients  failed  to  respond  if  they  were  given  less  than  one-eighth  of 
this  dose.  The  dosage  at  which  patients  failed  to  respond  corresponds 
roughly  to  the  prophylactic  level  which  we  have  just  discussed;  in 
short,  in  order  to  get  the  therapeutic  effect  one  must  be  distinctly 
above  the  prophylactic  level.  Under  such  circumstances,  as  illus¬ 
trated  by  Cases  6  and  7,  cited  above,  the  total  blood  iodine  runs 
very  high  mainly  due  to  inorganic  iodide.  The  same  thing  may  be 
seen  in  the  blood  iodine  curve  of  the  dogs  treated  by  Perkin  and 
Brown,429  as  shown  in  Chapter  VII.  Concomitantly,  a  high  “P” 
iodine  may  be  present,  as  described  in  Chapter  IV,  footnote,  p.  99. 

Wallace  and  Brodie  563  have  studied  the  iodine  distribution  under 
these  circumstances  and  find  that  the  material  penetrates  the  various 
body  fluids  in  high  concentration.  Indeed,  it  behaves  very  much  like 
chloride.  It  enters  the  red  cells,  but  it  seems  not  to  enter  the  muscle 
cells.  It  enters  brain  cells  less  than  chloride,  as  shown  in  Chapter  IV. 
Under  such  circumstances  there  is  a  rather  high  peak  of  iodine  in 
the  blood,  often  above  100  gamma  per  cent  and  sometimes  as  much 
as  several  hundred  gamma  per  cent;  but  the  excess  of  iodine  is 
rapidly  excreted  under  ordinary  circumstances  if  the  kidney  is  func¬ 
tioning  properly.  Even  twenty-four  hours  after  the  ordinary  dose, 
however,  the  blood  iodine  may  be  well  above  normal,  as  illustrated 
by  the  above  cases.  Fasting  values  well  over  2.0  mg.  per  cent  of 
inorganic  iodide  are  not  uncommon  during  iodide  therapy. 


The  effect  of  such  iodine  therapy  on  thyroid  function  has  been 
discussed  m  detail  in  Chapter  V.  In  short,  these  huge  doses  of  iodine 
produce,  as  it  were,  a  chemical  thyroidectomy.  The  gland  seems  not 
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therapy  than  he  would  be  without  it.  In  short,  no  matter  how  bad 
the  patient  s  clinical  state,  Means  believes  that  he  is  enjoying  a 
virtual  improvement  over  his  potential  condition  were  he  without 
iodine. 

Hertz,  Roberts,  Means,  and  Evans  241  have  recently  continued 
their  work  with  labeled  iodine  by  observing  in  Graves’  disease  the 
fate  of  a  single  large  dose  of  labeled  iodide,  followed  by  daily  doses 
of  ordinary  iodide.  Their  findings  suggest  that  despite  the  lowered 
thyroid  activity,  only  a  trace  of  the  initial  labeled  iodine  remains  in 
the  gland  after  ten  days.  They  also  suggest  the  possibility  that  one 
single  large  dose  of  iodide  may  suffice  to  produce  a  satisfactory 
preoperative  therapeutic  effect. 

Complications  of  Iodine  Therapy 

In  administering  iodide  to  patients  suffering  from  hyperthyroid¬ 
ism,  one  can  make  a  mistake  in  dosage  at  two  extremes.  If  one  gives 
too  much,  particularly  to  so-called  hypersensitive  persons,  one  will 
induce  symptoms  of  iodism,  ranging  all  the  way  from  mild  coryza 
or  mild  acne  to  severe  dermatitis.  On  the  other  hand,  if  one  gives 
too  little  iodine,  as  Marine  355  has  shown,  one  can  actually  induce 
exacerbations  of  the  disease,  i.e.,  a  sort  of  “Jodbasedow”  effect.  This 
situation  is  illustrated  in  Fig.  33,  taken  from  Thompson’s  work,540 
in  which  it  appears  that  a  daily  dose  of  only  1.5  mg.  of  iodine 
allows  the  patient  to  become  worse,  both  from  the  standpoint  of  bed¬ 
side  observation  and  from  the  height  of  the  basal  metabolic  rate. 
Marine  has  pointed  out  that  there  is  a  real  danger  of  inducing 
exacerbations  in  hyperthyroidism  with  doses  which  are  not  much 
above  the  prophylactic  level  discussed  in  the  preceding  section.  As 
seen  in  the  accompanying  figure,  when  the  dose  was  increased  to 
many  times  the  initial  dose,  that  is,  to  180  mg.  of  iodine  per  day, 
such  a  patient  responded  with  a  prompt  fall  in  basal  metabolic  rate 
and  marked  relief  in  clinical  symptomatology.  This  response  quite 
clearly  indicates  the  difference  in  action  of  iodine  at  the  prophylactic 
and  at  the  therapeutic  levels. 

Of  course,  one  has  other  complications  of  iodine  therapy  to  worry 
about  in  terms  of  time,  as  indicated  in  Chapter  V.  It  will  be  remem¬ 
bered  that  the  so-called  “escape  from  iodine”  is  admittedly  an 
obvious  happening;  but  on  the  other  hand,  as  Means  ,s8  has  stated, 
there  is  probably  no  true,  absolute  refractoriness  toward  iodine. 
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The  patient  with  untreated  Graves’  disease  has  probably  lost  in  large 
part  the  normal  stores  of  colloid  in  the  thyroid  follicles  and,  in  con¬ 
sequence,  he  is  able  for  some  time  to  store  hormone  in  his  gland 
rather  than  secreting  it  into  the  blood  stream.  In  Fig.  34  is  shown 
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Fic.  33.  This  graph  illustrates  the  response  of  a  case  of  exophthalmic  goiter  to  iodine 
therapy  and  shows,  first,  that  on  a  very  small  daily  dose  the  patient  got  worse,  but 

t  at,  secondly,  on  a  relatively  huge  dose  the  patient  subsequently  made  a  characteris- 
tic  response. 

From:  W.  O.  Thompson  et  al.,  Arch.  Int.  Med.  45:  441.  i930. 

such  a  response  in  a  clinical  case  both  before  and  after  operation, 
n  consequence  of  this  fact,  he  has  a  better  opportunity  for  lowering 
is  metabolism,  according  to  the  characteristic  decay  curve  previ¬ 
ously  discussed  in  Chapter  V.  Indeed,  some  clinicians  refuse  to 
operate  upon  a  patient  who  has  recently  received  iodine.  Such  a 
case  they  believe,  should  be  treated  symptomatically  for  many 

Xted  Then  fre0hlneHt0reS  “  th*  thyr°id  have  ^  become  de¬ 
pleted.  Then  fresh  mdization  of  the  gland  should  be  performed 
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and  the  patient  operated  upon  within  a  fortnight  after  iodine 
therapy  has  been  begun  anew.  Of  course  at  operation  a  certain 
amount  of  hormone  is  mechanically  liberated,  as  shown  in  Fig.  34. 

The  desirability  or  expediency  of  purely  medical  care  in  hyper¬ 
thyroidism  will  not  be  discussed  in  this  volume.  Suffice  it  here  to 
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Fig.  34.  When  a  hyperthyroid  patient  is  treated  with  iodine  (e.g.,  with  Lugols 
solution),  the  “organische”  blood  iodine  and  the  iodine  quotient  usually  fall.  Immedi¬ 
ately  after  operation,  however,  both  may  rise  during  the  postoperative  stormy  period. 
Later  both  fall  generally  as  the  patient  recovers. 

From:  K.  Gutzeit  and  G.  W.  Parade,  Ztschr.  f.  klin.  Med.  135 ■  i7S-  1938-39- 

point  out  that  under  certain  selected  circumstances,  e.g.,  the  hyper¬ 
thyroidism  of  acromegaly,  or  in  certain  mild  types  of  hyperthyroid¬ 
ism,  often  the  patient  may  be  treated  successfully  for  many  years 
with  iodine.  Most  doctors  in  modern  clinics,5-  however,  do  not 
recommend  such  therapy  as  a  routine;  they  prefer  to  have  the  gland 
removed,  at  least  subtotally,  after  a  preliminary  mdination,  as 
originally  preached  by  Plummer.441  Ordinarily,  the  patient  s  metab¬ 
olism  is  allowed  to  run  down  as  a  result  of  the  thyroid  blockag 
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established  by  massive  doses  of  iodine,  and  when  the  maximal  effect 
has  been  obtained  the  thyroid  is  removed  surgically,  totally  or  sub- 
totally.  If  a  small  remnant  of  the  thyroid  is  left,  the  use  of  iodine 
after  operation  is  advisable  in  order  to  prevent  hypertrophy  and 
hyperplasia  of  this  remaining  fragment. 

Possible  Exceptions  to  Routine  Iodine  Therapy  in  Hyperthy¬ 
roidism.  There  remain  to  be  settled  certain  problems  which  have  to 
do  with  special  cases  in  the  therapy  of  hyperthyroidism.  Outstanding 
among  these  are  (/)  cases  of  Graves’  disease  with  normal  plasma 
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Fig.  35.  Three  groups  of  cases  have  been  segregated  from  256  cases  of  exophthalmic 
goiter.  Group  1  (left)  represents  170  such  patients  with  an  elevated  blood  iodine 
level  before  operation.  Most  of  these  made  a  good  recovery  after  operation.  Group  2 
(center)  illustrates  61  cases  with  a  normal  blood  iodine  before  operation  but  an  elevated 
blood  iodine  later.  Of  these  patients,  nearly  a  quarter  suffered  from  persistent  or 
recurrent  hyperthyroidism  or  malignant  exophthalmos  after  operation.  Group  3 
(right)  illustrates  25  cases  of  hyperthyroidism  with  a  normal  blood  iodine  level  before 
operation  and  a  consistently  normal  level  later.  These  cases  did  well  clinically. 

The  time  in  months,  preoperative  and  postoperative,  ranging  up  to  12  months  after 
operation,  is  shown  by  the  abscissas.  The  ordinates  serve  a  dual  purpose.  The  basal 
metabolic  rate,  ranging  from  minus  10  to  plus  50,  is  shown  by  the  solid  line  The 
blood  lodme  m  micrograms  per  cent,  ranging  from  5  to  20,  is  shown  by  the  dotted 
line.  The  basal  metabolic  rate  on  recurrence  (center)  is  shown  by  a  broken  line. 

From:  H.  J.  Perkin  and  R.  B.  Cattell,  Surgery,  Gynecol.  &  Obst.  68:  745.  1939. 

iodine;  (2)  cases  of  Graves’  disease  with  no  palpable  thyroid  and  no 
evidence  of  anatomical  aberrant  tissue;  and  (3)  cases  of  mild  hyper- 
t  yroidism  in  which  operation  is  refused  or  contraindicated  for  some 
very  unusual  circumstance.  The  answer  to  these  problems  is  not 

ye  mown,  but  there  are  already  certain  features  of  the  problems 
which  may  be  mentioned.60 

1.  Cases  of  Graves’  Disease  with  Normal  Plasma  “P"  Iodine 

HiTjT  anid  falte1'  haVe  P°inted  °Ut  that  those  cases  of  Graves’ 
disease  which  have  a  normal  blood  hormone  in  the  presence  of 

marked  nervousness  are  very  apt  to  recur.  As  shown  in  Fig  -  - 

their  prognosis  when  seen  first  is  much  worse  than  that  of  cases  with 
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an  increased  circulating  blood  hormone.  Treatment  in  this  group  is 
by  no  means  entirely  satisfactory,  and  consequently  these  cases  are 
of  especial  interest  therapeutically.  It  would  be  worth  while  to  study 
this  group  from  the  standpoint  of  excretion  of  the  thyrotropic  hor¬ 
mone.  There  remains  the  possibility  also  that  iodination  may  not  be 
the  best  form  of  therapy  in  this  group.  Obviously,  such  problems 
and  such  treatment  should  be  considered  only  in  a  large  clinic, 
equipped  with  all  modern  methods  for  study  and  for  therapy;  but 
it  seems  likely  that  a  better  form  of  therapy  could  be  found  for  this 
group  than  is  available  at  present. 

2.  Cases  of  Graves ’  Disease  without  Goiter.  It  has  been  pointed 
out  by  Naffziger  402  and  others  that  cases  of  Graves’  disease  with 
marked  nervousness,  but  without  palpable  thyroid  tissue  or  de¬ 
tectable  aberrant  thyroid  tissue,  are  likely  to  have  continued  nervous 
symptoms  even  after  subtotal  thyroidectomy,  and,  in  particular, 
are  likely  to  suffer  from  progressive  exophthalmos  197  which  may 
be  sufficient  to  endanger  vision  403  and  demand  orbital  decompression. 
The  possibility  must  be  entertained  that  this  group  should  not  be 
treated  by  thyroidectomy,  but  that  some  other  form  of  therapy 
should  be  tried  (thyroid  plus  iodide).  Studies  on  the  excretion  of 
thyrotropic  hormone  in  this  group  are  badly  needed,350  under  con¬ 
ditions  in  a  large  clinic  where  such  observations  may  be  suitably 
pursued.265  Again  in  this  group,  it  can  be  stated  categorically  that 
the  present  form  of  therapy  is  by  no  means  satisfactory.'9 

3.  Medical  Treatment  per  Necessitatem.  Every  large  thyroid 
clinic  accumulates  a  certain  number  of  cases  in  which  operation,  al¬ 
though  advisable,  is  prevented  either  by  the  patient’s  timidity  or  by 
some  unusual  circumstance.  In  addition,  there  are  a  number  of  cases 
in  which  the  general  systemic  symptomatology  is  so  mild  that  one 
hesitates  to  advise  surgery  for  such  trifling  incapacity.  Likewise, 
after  subtotal  thyroidectomy  symptoms  may  persist,  and  such  pa¬ 
tients  must  be  treated  medically,  as  a  rule.  Indeed,  many  internists 
dream  of  the  day  when  thyroid  disease  may  be  treated  by  non- 
surgical  means.  Obviously,  that  day  is  not  yet.  Hertz  believes,  how¬ 
ever,  that  perhaps  5  per  cent  of  all  cases  coming  into  a  clinic  might 
be  treated  medically  on  the  basis  that  their  initial  metabolic  response 
to  iodine  therapy  goes  well  below  the  normal  basal  metabolic  rate. 
In  addition  to  iodine,  roentgen  radiation  may  be  applied  to  the  gland 
itself,  as  described  by  Pittman  (New  England  J.  Med.  1934)- 
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In  a  recent  discussion  on  “The  Medical  Treatment  of  Hyperthy¬ 
roidism,”  Redisch  and  Perloff  452  maintain  that  conservative  therapy 
has  its  place  in  the  treatment  of  hyperthyroidism,  first,  because  of 
a  certain  number  of  surgical  failures,  secondly,  because  some  cases 
are  not  amenable  to  surgery  and,  finally,  because  they  believe  that 
mild  cases  generally  do  not  need  surgery  at  all.  They  point  out  that 
in  Biedl’s  clinic  about  io  per  cent  of  the  cases  showing  favorable 
results  were  completely  and  permanently  cured  and  that  another 
40  per  cent  remained  entirely  free  of  symptoms  as  long  as  iodide 
therapy  was  maintained.  They  add,  also,  that  in  Means’  clinic  at 
the  Massachusetts  General  Hospital  97.6  per  cent  of  all  cases  seen 
from  1923  to  1935  were  operated  upon,  whereas  in  the  last  five  years 
the  percentage  of  cases  treated  with  iodine  alone  has  increased  to 
about  14  per  cent.  They  suggest  that  a  larger  number  of  cases  could 
be  treated  reliably  with  iodide  or  with  x-ray  than  is  the  case  at 
present.  They  are  convinced,  however,  that  iodide  therapy  should 
not  be  given  to  patients  with  long-standing  nodular  goiters  which 
have  become  “toxic.”  Thus  the  pendulum  in  clinical  therapy  is 
swinging  back  toward  a  more  conservative  equilibrium.  It  is  likely 
that  further  experience  will  teach  clinicians  how  to  steer  between 


mortality  due  to  thyroid  storm  and  cardiac  damage,  on  the  one  hand, 
and  surgical  accidents  and  complications,  on  the  other.60*408 

It  is  beyond  the  scope  of  this  volume  to  consider  such  therapy  in 
detail.  As  pointed  out  in  Chapter  IV,  following  x-ray  therapy  there 
may  be  a  mild  increase  in  circulating  iodine,  presumably  as  a 
result  of  the  inflammatory  disturbance  produced  by  the  radiation. 
Indeed,  occasionally  thyroid  storm  has  followed  such  therapy.  Or¬ 
dinarily,  however,  after  the  initial  irritation  in  the  gland  subsides 
the  organic  iodine  in  the  blood  plasma  decreases  and  the  patient’s 
basal  metabolic  rate  falls. 

When  iodine  is  used  over  long  periods  as  a  means  of  controlling 
mild  hyperthyroidism,  there  is  some  evidence  that  it  is  better  to  use 
the  medication  intermittently.  Thus,  at  intervals  of  three  months 
the  iodine  treatment  could  be  omitted  for  a  number  of  weeks;  during 
his  time  the  thyroid  stores  would  be  depleted,  although  usually  at 
the  expense  of  some  rise  in  basal  metabolic  rate.  Meantime  the 
clinician  hopes  that  the  metabolism  will  not  rise  too  far  because 
of  course  occasionally  even  thyroid  storm  may  ensue  As  minted 
out  in  Chapter  V,  if  such  storm  does  occur  it  fs  customary  to  gS 
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large  doses  of  iodide  intravenously.  It  must  be  remembered,  how¬ 
ever,  that  probably  such  doses  have  no  neutralizing  effect  on  the 
hormone  in  the  tissues  and  their  purpose  is  therefore  largely  prophy- 
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Fig  16.  Even  after  such  gentle  treatment  as  x-ray  therapy,  there  may  be  an 
increase  in  the  “organische”  blood  iodine  fraction,  together  with  an  increase  in  the 
iodine  quotient.  Both  decline  as  the  patient  improves  and  the  basal  metabolic  rate 

returns  to  normal. 

From:  K.  Gutzeit  and  G.  W.  Parade,  Ztschr.  f.  klin.  Med.  135-  169.  1938  39- 


lactic  in  character.  It  the  patient  survives  the  storm  for  another  day 
or  so,  such  therapy  will  tend  to  decrease  the  amount  of  hormone 
reaching  the  tissues  and  destined  to  produce  its  effect  in  the  near 
future.  Meanwhile,  one  must  have  recourse  to  sedation  of  various 
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types,172  maintaining  metabolism  by  high  carbohydrate  diet  as  well 
as  possible.  Fortunately,  this  complication  occurs  only  rarely.  Very 
often  it  is  possible  for  patients  to  pursue  such  therapy  for  many 
years,  and  if  they  do  not  incur  heart  damage  in  consequence,  the 
disease  eventually  burns  itself  out  without  leaving  any  obvious 
sequela,  with  the  possible  exception  of  osteoporosis. 

The  following  case  will  illustrate  the  response  to  iodine  therapy 
of  a  patient  seen  recently  at  the  House  of  the  Good  Samaritan 
through  the  courtesy  of  Dr.  Edward  Bland. 


This  case,  No.  5684,  was  that  of  a  twenty-two-year-old  married  housewife, 
who  six  years  earlier  had  been  found  to  have  left  bundle-branch  block  in  the 
heart,  with  a  normal  P-R  interval.  As  the  hemoglobin  rose  at  that  time  from 
45  to  75  per  cent,  the  heart  block  disappeared,  although  she  still  had  left  axis 
deviation.  Five  years  before  she  had  again  entered  the  hospital,  suffering  from 
known  rheumatic  heart  disease  with  mitral  stenosis  and  regurgitation,  together 
with  aortic  regurgitation  and  stenosis.  Following  discharge  from  the  hospital  she 
did  very  well  until  four  months  before  entry,  when  she  incurred  an  upper  respira¬ 
tory  infection  followed  by  joint  pains,  precordial  pain,  headache,  and  fever  at 
104°  F.  A  severe  exacerbation  of  these  symptoms  occurred  a  month  later  and 
the  patient  was  forced  to  enter  the  hospital  for  a  few  weeks.  At  that  time  her 
doctors  told  her  that  the  heart  was  nearly  twice  the  normal  size.  Ever  since, 
she  had  suffered  from  joint  pains,  severe  nosebleeds,  and  a  chronic  low  tempera¬ 
ture.  A  few  weeks  before  entry  another  exacerbation  of  all  her  symptoms  oc¬ 
curred  and  she  was  again  forced  to  go  to  the  hospital. 

Physical  examination  showed  a  well  developed,  slightly  obese,  freckled  woman, 
sitting  up  in  bed.  On  examination  of  the  chest  the  heart  was  found  to  be  greatly 
enlarged;  the  cardiac-thoracic  ratio  was  67  per  cent.  The  heart  rate  was  130 
to  140.  The  apex  impulse  was  very  forceful,  a  split  systole  being  perceptible. 
There  was  a  systolic  murmur  audible  at  the  apex;  no  definite  diastolic  murmur 
was  heard  at  this  point.  To  the  right  of  the  sternum  in  the  aortic  area  a  harsh 
systolic  murmur  was  detected.  The  aortic  second  sound  was  absent.  A  systolic 
thrill  could  be  palpated  in  the  suprasternal  notch.  In  the  presence  of  fever,  the 
diagnosis  was  made  of  active  rheumatic  fever,  rheumatic  heart  disease,  aortic 
regurgitation,  and  aortic  stenosis. 


Because  of  the  disproportion  between  the  low-grade  fever  and  high  pulse  rate 
in  the  absence  of  definite  cardiac  arrhythmia,  hyperthyroidism  was  suspected; 
therefore  the  patient  was  subjected  to  a  therapeutic  trial  of  iodine  therapy  in 
the  form  of  from  10  to  20  minims  of  Lugol’s  solution  a  day.  About  five  days 
after  the  beginning  of  therapy  the  pulse  rate  began  to  decline,  reaching  a  minimum 
of  about  80  per  minute  at  the  end  of  ten  days,  and  continuing  at  that  level  for 
nearly  two  weeks  as  shown  in  Fig.  37.  At  the  end  of  this  time  Lugol’s  therapy 
was  stopped  in  order  to  check  its  therapeutic  effect.  The  pulse  rate  began  to 
c  imb  about  ten  days  after  the  stopping  of  therapy,  and  within  a  fortnight  was 

dose  of  1  mn0"ma  ‘  fWh6n  10dide  treatment  was  resumed  in  the  previous 

1  a  5  T1™  a  day  a  saturated  solution  of  potassium  iodide  again  the 

pulse  dropped  30  points  a  day  within  a  week.  ’  again  the 

The  sedimentation  rate  was  i.o,  as  against  the  normal  of  0.38,  a  finding  com- 
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patible  with  continued  rheumatic  activity.  Under  the  influence  of  the  iodide, 
despite  the  drop  in  pulse  rate,  the  sedimentation  rate  remained  unchanged  and 
the  patient  occasionally  had  mild  fever. 

In  retrospect,  careful  survey  of  this  history  indicates  that  the 
patient  has  had  increased  nervousness  accompanied  by  tachycardia 
for  nearly  a  year  and  a  half.  The  thyroid  is  about  twice  normal  size, 
readily  palpable,  but  shows  no  thrill  or  bruit,  and  no  nodules  have 
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Fig.  37.  A  characteristic  response  to  a  therapeutic  test  of  iodine,  shown  by  the 
pulse  rate,  as  described  in  the  text.  Iodide  therapy  was  started  on  February  2  and 
stopped  on  February  23. 

From:  House  of  the  Good  Samaritan,  Boston.  By  courtesy  of  the  staff. 

been  discovered.  The  eyes  apparently  have  been  slightly  prominent 
for  at  least  five  years,  but  they  cannot  be  considered  as  exhibiting 
definite  exophthalmos.  It  is  not  clear  that  there  is  any  characteristic 
fine  tremor  of  the  extremities.  There  has  been  no  diarrhea  and  the 
appetite  has  been  poor,  but  after  Lugol’s  therapy  the  patient  s 
appetite  improved  and  she  felt  much  less  nervous.  No  obvious  change 
in  emotional  status  has  occurred. 

In  view  of  the  present  cardiac  status  with  rheumatic  activity,  and 
considering  the  mildness  of  the  symptomatology,  it  was  decided  to 
treat  the  patient  with  iodine,  possibly  combined  with  x-ray  therapy. 
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She  was  seen  by  Dr.  J.  H.  Means,  who  thought  that  in  view  of  her 
active  rheumatic  infection,  and  the  chronicity  of  her  thyrotoxic  state 
it  was  wiser  to  keep  her  on  iodine  therapy  indefinitely  rather  than 
operate  upon  her  at  an  early  date.  Indeed,  the  possibility  was  enter¬ 
tained  that  with  rest  and  iodine  therapy,  supplemented  by  vitamin 
B,  her  thyrotoxic  condition  could  be  controlled  for  the  duration  of 

her  life. 

Poor  Planning.  One  of  the  grievances  of  internists  who  treat 
hyperthyroidism  in  a  large  clinic  is  that  the  local  physician  in  charge 
of  the  newly  admitted  case  frequently  has  treated  it  desultorily  with 
iodine  before  referring  the  patient  for  probable  operation.130 
In  consequence,  the  patient  is  already  partially  iodinated  and  often 
will  not  make  the  maximal  possible  response  to  preoperative  iodine 
therapy.  In  some  clinics  such  patients  are  put  on  an  iodine-free  diet; 
treated  only  with  sedatives  for  a  number  of  weeks  in  order  that  they 
may  exhaust  the  iodine  stores  in  their  glands;  and  then  started  afresh 
with  optimal  iodine  therapy  in  order  to  get  the  best  possible  metabolic 
response.  This  procedure  is  at  present  a  matter  of  opinion,*  but  it  is 
quite  clear  that  small  doses  of  iodine  will  prevent  a  maximal  iodine 
blockage  of  the  gland  and,  in  consequence,  they  probably  increase 
the  operative  risk  somewhat.  Furthermore,  a  few  cases  treated  in 
this  fashion  finally  arrive  at  the  hospital  on  the  verge  of  thyroid 
storm.  For  these  reasons  it  would  seem  desirable  for  practicing 
physicians  before  giving  iodine  therapy  to  consider  whether  or  not 
a  given  case  is  likely  to  require  operation.  If  a  therapeutic  test  is  to 
be  made  with  iodine,  arrangements  should  be  made  first  so  that  the 
case  may  be  operated  upon  if  the  response  is  positive.  Ordinarily, 
of  course,  this  means  hospitalization  before  any  iodine  is  given.  If 
practicing  physicians  would  look  ahead  to  the  possible  outcome  of 
thyroid  disturbance  in  their  patients,  they  could  spare  both  the 
surgeon  and  the  patient  a  considerable  amount  of  anxiety  and  dis¬ 
comfort.  The  vagaries  of  thyroid  disturbance  often  are  unpredict¬ 
able,  of  course,  but  by  considering  the  possibilities  in  a  pessimistic 
way,  one  often  can  give  the  patient  better  treatment  than  would  be 
possible  otherwise.  In  thus  laying  out  a  program  for  the  handling 
of  thyroid  patients,  careful  consideration  of  the  possibilities  of  iodine 
therapy  and  its  complications  is  of  the  utmost  importance.409 


*  The  author  believes  that  if  iodine  therapy  has  been 
and  supplemented  with  sedation  if  necessary. 


started,  it  should  be  continued, 
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Iodine  Tolerance.  Just  as  in  the  field  of  carbohydrate  metabolism 
the  glucose  tolerance  curve  may  yield  valuable  information  in  prob¬ 
lems  of  an  endocrinological  character,  so  the  iodine  tolerance  curve 
may  be  used  in  a  similar  way.  Likewise,  as  with  glucose  tolerance, 
there  are  a  number  of  complicating  factors  which  must  be  borne  in 
mind  always  in  interpreting  such  curves.565  The  iodine  tolerance 
curve  is  very  capricious  or  critical,  as  pointed  out  in  a  previous  chap¬ 
ter.  As  a  matter  of  fact,  one  can  get  precisely  opposite  results  from 
the  iodine  tolerance  by  using  doses  of  different  magnitude.  Never¬ 
theless,  if  one  uses  sufficiently  small  dosage  intravenously  or  by 
mouth,  as  shown  both  by  Elmer,137  and  by  Perkin  and  his  collabora¬ 
tors, 4,jJ  one  can  find  definite  evidence  that  in  some  cases  the  thyroid 
does  not  trap  iodine  readily,  whereas  in  other  cases  the  avidity  of 
the  thyroid  tissue  for  exogenous  iodine  is  so  great  that  the  iodine  is 
“fixed'7  in  the  gland  almost  as  rapidly  as  it  arrives  into  the  general 
circulation.  This  finding  is,  of  course,  completely  compatible  with 
the  results  obtained  with  radioactive  iodine  by  Hertz  and  Roberts,240 
and  others,  as  reported  in  Chapter  X. 

The  iodine  tolerance  can  be  used  in  two  ways,  just  as  the  sugar 
tolerance  can  be  tested.  The  general  height  of  the  curve  can  be 
estimated  from  blood  iodine  analyses  at  appropriate  intervals,  as 
shown  in  Fig.  38,  taken  from  data  of  Perkin  and  his  collaborators. 
It  will  be  seen  that  in  general  the  normal  gland  and  the  nontoxic 
nodular  goiter  case  do  not  have  enough  avidity  for  iodine  to  remove 
the  ion  from  the  circulation  and  so  prevent  the  characteristic  peak, 
which  normally  rises  above  an  arbitrary  limit  of  about  10  mg.  per 
cent.  On  the  other  hand,  in  Graves’  disease  or  in  toxic  nodular  goiter, 
the  stores  of  the  glands  are  already  so  depleted  that  newly  arriving 
iodide  is  rapidly  seized.  In  consequence,  the  peak  of  the  curve  is 
suppressed  and  the  whole  curve  lies  below  the  arbitrary  limit  of 
normal.  Unfortunately,  this  low  curve  may  occur  also  in  hyperplastic 
glands  such  as  exist  in  regions  of  low  iodine  supply,  where  iodine 
starvation  prevails.  In  such  instances  the  low  curve  does  indicate 
that  the  gland  is  avid  for  iodine,  but  the  avidity  is  due  to  paucity  of 
iodine  rather  than  to  its  loss  through  rapid  elimination.  The  result 
must  be  interpreted  always  with  this  complication  in  mind. 

It  is  possible  also  to  use  the  iodine  tolerance  test  by  measuring 
excretion  in  the  urine.  The  general  principle  is  the  same,  namely, 
that  after  a  standard  dose  a  large  percentage  of  the  iodide  admin- 
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istered  will  be  excreted  in  the  urine  rather  rapidly,  whereas  if  the 
gland  be  eager  to  store  iodine,  much  less  will  appear.  Thus  Elmer 
found  that  after  a  small  dose  of  iodine  nearly  80  per  cent  would 
appear  in  the  urine  in  normal  people,  whereas  only  5°  Per  cent  would 
appear  in  the  urine  of  hyperthyroid  individuals.  Because  there  is  a 
definite  time  element  involved,  it  seems  most  convenient  to  continue 
these  tests  over  a  period  of  only  six  hours  following  the  use  of  a 
rather  small  dose,  that  is,  well  under  io  mg.  of  iodine.  Otherwise,  as 


O  hr.  I  hr  l^hrs.  2  hns.  2ahrs- 


Fig.  38.  Blood  iodine  tolerance  curves  may  be  used  to  separate  patients  whose 
thyroids  avidly  remove  iodide  from  the  blood.  In  New  England,  most  of  such  patients 
have  suffered  from  recent  hyperthyroidism,  in  consequence  of  which  the  store  of  iodine 
in  the  gland  has  been  depleted. 

The  curves  show  the  response  of  blood  iodine  concentration  following  the  oral  inges¬ 
tion  of  6  minims  of  liquor  iodi  compositus  (U.  S.  P.)  containing  37  mg.  of  total  iodine. 

From:  H.  J.  Perkin,  F.  H.  Lahey  and  R.  B.  Cattell,  New  England  J.  Med. 
214:  si.  1936. 

pointed  out  previously,  one  may  obtain  exactly  the  reverse  effect. 
This  excretion  test  can  be  useful,  but  it  has  the  added  hazard  that  it 
is  very  important  to  rule  out  extraneous  sources  of  unsuspected 
iodine.  Furthermore,  unusual  losses  by  diarrhea  or  sweating  must 
be  excluded.  The  advantage  of  the  urinary  test,  of  course,  is  the 

avoidance  of  the  laborious  technique  of  repeated  blood  iodine 
analyses. 

On  the  whole,  considering  the  complications  involved,  the  iodine 
tolerance  test  is  probably  neither  so  useful  nor  so  trustworthy  as  a 
direct  study  of  the  circulating  hormone.  For  this  reason,  it  probably 
will  not  be  used  so  much  in  diagnostic  problems.  Nevertheless,  under 
special  circumstances,  particularly  in  special  study  wards  in  lar-e 
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clinics,  it  probably  has  a  definite  place  in  the  unusual  case.  For 
example,  in  those  cases  of  Graves’  disease  which  show  a  normal  blood 
hormone,  preliminary  test  of  iodine  excretion  followed  by  an  iodine 
tolerance  test  with  both  plasma  iodine  determinations  and  urinary 
iodine  excretion  for  six  hours  would  afford  valuable  information  as 
to  the  state  of  the  gland.  It  must  be  remembered,  however,  that 
other  lesions,  as  pointed  out  in  Chapter  VIII,  may  cause  the  elimina¬ 
tion  of  excessive  amounts  of  iodine  from  skeletal  muscle  or  other 
tissues  and  so  complicate  this  tolerance  test,  which  therefore  cannot 
be  used  blindly. 

Another  type  of  iodine  tolerance  test  remains  to  be  studied.  This 
is  the  study  of  plasma  iodine  fractions  after  iodide  has  been  admin¬ 
istered  continuously  for  several  days.  As  pointed  out  in  Chapter  IV, 
the  plasma  “P”  iodine  will  then  be  found  elevated  to  a  varying 
degree,  except  in  florid  Graves’  disease.  In  myxedema,  very  high 
values  for  “P”  iodine  may  be  found.  It  is  too  early  to  assess  the 
importance  of  this  chronic  tolerance  test.  (See  footnote,  p.  99.) 

Fibrolytic  Level  (above  0.5  gram) 

After  the  discovery  of  iodine  by  Courtois  in  1811,  there  was  a 
great  vogue  for  iodine  therapy.  Iodine  was  used  for  all  sorts  of 
remedies,  and  indeed  was  suspended  about  children’s  necks  in  little 
bags,  much  like  the  camphor  bag  of  olden  times.  In  children  who 
were  goitrous,  this  form  of  therapy  probably  did  some  good.  Like¬ 
wise,  in  the  1820’s  it  was  first  introduced  in  the  treatment  of  syph¬ 
ilis,  and  that  use  of  the  medication  has  continued  since.  It  still  is 
employed  in  the  treatment  of  various  granulomata  such  as  actinomy¬ 
cosis,  blastinomycosis,  and  odd  skin  disturbances  like  lupus  ery¬ 
thematosus.  Occasionally,  even  today,  a  gumma  is  found  and  the 
response  of  such  a  tertiary  luetic  lesion  to  iodide  therapy  is  very 
surprising,  although  usually  it  is  customary  in  these  days  to  use 

arsenicals  or  bismuth  in  addition. 

The  dosage  used  in  these  disturbances  is  often  very  high.  Doses 
of  several  grams  a  day  have  not  infrequently  been  administered  for 
considerable  periods.  Under  these  circumstances  the  blood  iodine 
rises  to  over  twenty  times  the  normal,  despite  rapid  excretion  by  the 
kidneys.  Iodide  appears  in  the  salivary  secretion  and  in  the  mucus 
of  the  respiratory  tract  within  a  few  minutes  after  being  placed  in 
the  stomach,  and,  indeed,  all  the  body  fluids  are  soon  permeated  with 
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iodide.  A  great  deal  of  older  literature  is  available  on  this  general 
subject,  but  it  does  not  at  the  moment  concern  us.  Many  such  refer¬ 
ences  will  be  found  in  the  “History  of  Iodine  Therapy”  by  Veil  and 
Sturm.561 

These  huge  doses  belong  distinctly  in  the  realm  of  pharmacology, 
or  even  of  toxicology.  Indeed,  the  literature  of  a  generation  ago 
contains  repeated  cautions  against  “iodine  debauches,”  calling  atten¬ 
tion  to  the  incidence  of  unrecognized  chronic  coryza,  pustules, 
furuncles,  and  even  emaciation  due  to  the  pursuance  of  iodine  therapy 
in  large  doses  over  long  periods.  This  form  of  therapy,  however, 
still  remains  important  in  the  treatment  of  sclerotic  lesions  of  the 
aorta  due  to  syphilis,  and  has  even  been  used  over  long  periods  for 
the  treatment  of  generalized  arteriosclerosis.  One  cannot  help  won¬ 
dering  what  complication  such  therapy  may  produce  in  the  endocrine 
system,*  but  there  is  available  no  very  clear-cut  evidence  of  manifest 
endocrinopathy  due  to  these  heroic  doses  of  iodine. 

*  The  clinical  complications  of  thyroid  or  thyroxine  therapy  lie  outside  the  scope  of 
this  volume.  One  instance  of  endocrine  imbalance  so  produced,  however,  deserves 
special  note.  This  is  the  precipitation  of  an  Addison’s  crisis  in  the  treatment  of  myxe¬ 
dema,  as  mentioned  in  Chapters  III  and  VI.  The  phenomenon  was  described  by  Castle- 
man  and  Hertz.79  In  reviewing  such  cases,  Means  (Tr.  A.  Am.  Physicians,  1940)  con¬ 
cluded  that  the  pituitary  was  involved,  and  that  the  mechanism  was  related  to  that  of 
Simmonds’  cachexia. 
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Estimation  of  Iodine 


There  is  already  a  large  literature  on  the  determination  of  iodine  which  has 
been  summarized  in  detail  by  McClendon.377  It  is  not  the  purpose  of  this  volume 
to  consider  in  detail  the  advantages  and  disadvantages  of  the  various  procedures 
which  are  available  for  adaptation  to  various  types  of  material.  Probably  no 
single  method  will  meet  every  case  without  modification.  Furthermore,  the  choice 
of  method  often  is  influenced  by  such  considerations  as  expense  in  terms  of 
apparatus  required,  time  involved,  analytical  training  implied,  and  the  type  or 
nature  of  the  material  to  be  analyzed.  In  addition,  every  analyst  is  likely  to  be 
swayed  by  considerations  which  are  not  entirely  logical.  In  this  appendix,  there¬ 
fore,  the  author  has  attempted  merely  to  describe  several  procedures  which  will 
be  useful  for  a  considerable  number  of  people  over  a  wide  range  of  iodine  con¬ 
centration.  These  procedures  are  presented,  not  because  they  represent  the  maxi¬ 
mal  accuracy  attainable,  but  because  they  have  proved  themselves  useful  and 
applicable  to  a  wide  variety  of  biochemical  and  clinical  problems. 

Perhaps  the  most  widely  adaptable  method  for  making  the  iodine  soluble  prior 
to  the  analytical  procedure  is  the  combustion  furnace  developed  by  McClendon 
and  Bratton.377  This  method,  however,  utilizes  a  platinum  combustion  tube  into 
which  the  sample  to  be  analyzed  is  fed  slowly  by  clockwork  at  high  temperature. 
The  procedure  is  quite  as  formidable  as  the  determination  of  carbon  and  hydro¬ 
gen  in  organic  compounds  for  the  identification  of  organic  structure  by  profes¬ 
sional  investigators  in  the  field  of  organic  chemistry.  For  this  reason,  it  will 
probably  be  regarded  by  many  biochemists  and  clinical  investigators  as  a  pro¬ 
cedure  to  which  one  would  have  resort  as  a  check  on  other  routine  methods. 

In  addition  to  the  combustion  furnace,  two  other  general  methods  are  avail¬ 
able  for  oxidizing  organic  material  and  making  iodine  soluble.2*’  The  first  of 
these  is  the  method  of  alkaline  ashing  in  an  open  crucible.  For  samples  contain¬ 
ing  over  0.5  mg.  of  iodine  at  a  concentration  greater  than  0.1  per  cent,  this 
method  is  very  useful  and  can  be  relied  upon  for  a  wide  variety  of  materials. 
It  has  the  disadvantage  that  it  is  cumbersome  as  compared  with  the  permanganate 
oxidation  in  solution  applied  to  much  smaller  amounts  of  iodine,  .as  described 
below.  For  even  smaller  amounts,  i.e.,  down  to  0.3  microgram,  this  “open  ash¬ 
ing”  has  been  used  by  several  investigators,  including  Perkin.4*’  It  has  the  follow¬ 
ing  disadvantages:  (/)  the  alkaline  medium  employed  may  readily  fix  iodine 
which  is  accidentally  present  in  the  environment;  (2)  volatilization  of  sodium  or 
potassium  iodide  may  occur  if  the  temperature  is  not  controlled  carefully;  and 
( ?)  the  leaching  out  of  the  iodide  from  the  inorganic  ash  is  time-consuming  a 
laborious  if  it  is  to  be  done  quantitatively.  For  these  reasons  the  author  prefers 
the  so-called  “closed”  method,  which  involves  the  oxidation  of  the  organic  ma 
terial  in  solution  by  an  oxidant  such  as  potassium  permanganate.  As  a  matter  of 
fact,  for  many  purposes  it  is  unnecessary  to  conduct  this  oxidation  in  a  closed 
svstem-  and  as  will  be  described,  digestion  in  an  open  pear-shaped,  or  Erie 
meyer  flask  is  adequate.  The  iodine  may  then  be  concentrated  by  simple  distilla- 
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Kjeldahl  method  for  nitrogen,  if  the  receiver  for 


and  sodium  bisulfite  solutions.  Occasionally,  combustion  may  be  omitted.63.8” 

When  the  organic  matter  has  thus  been  disposed  of  and  the  iodine  concentrated 
as  iodide  in  aqueous  solution,  the  problem  becomes  one  of  micro-iodimetry.  Many 
investigators,  e.g.,  Leipert.300  Fashena  and  Trevorrow,166  and  McClendon  and  Brat¬ 
ton,377  prefer  to  convert  the  iodide  to  iodate  with  bromine  water  and  then  to 
remove  the  excess  elementary  bromine  by  boiling  or  aeration.  An  alterna¬ 
tive  procedure  is  the  use  of  the  permanganate  oxidation  suggested  by  Groak  * 
and  extensively  employed  by  Matthews,  Curtis,  and  Brode.  In  this  case  the 
excess  of  permanganate  and  also  of  manganese  dioxide  is  removed  by  treating 
with  nitrite,  and  the  excess  of  nitrite  is  removed  with  urea.  Both  of  these  methods 
finally  come  to  the  reduction  of  the  total  volume  to  2  cc.  of  solution,  in  which 
elementary  iodine  is  released  by  the  addition  of  potassium  iodide.  This  elemen¬ 
tary  iodine  is  then  titrated  with  a  microburette,  e.g.,  that  of  Rehberg,  in  the 
presence  of  starch.  An  alternative  method  of  titration  is  the  electrometric  titra¬ 
tion  based  on  the  rough  measurement  of  oxidation-reduction  potential,  as  sug¬ 
gested  by  McClendon. 

In  order  to  cover  a  wide  range  of  needs,  four  methods  for  determining  iodine 
are  described  below.  These  are  (/)  the  Hunter-Kendall  alkaline-fusion  method 
for  amounts  over  0.5  mg.;  (2)  the  Groak  permanganate  method  (I)  for  amounts 
over  100  micrograms;  (3)  the  Groak  permanganate  method  (II)  for  amounts  over 
10  micrograms;  and  (4)  the  Riggs-Man  wet-ashing  method  for  amounts  above 
0.1  microgram.  These  ranges  have  been  set  arbitrarily,  because  the  respective 
applicabilities  of  the  several  methods  overlap  considerably.  Furthermore,  the 
two  Groak  methods  (I  and  II)  are  likely  to  fail  if  the  iodine  content  of  the 
material  under  examination  is  less  than  1  per  cent.  In  such  a  case,  of  course,  one 
would  apply  the  first  or  the  fourth  method,  using  much  more  or  much  less 
material  according  to  choice. 


Amounts  above  0.5  mg. 


hunter-kendall  open  ashing  method.  This  method  is  useful  for  a  wide 
range  of  materials  containing  over  0.1  per  cent  of  iodine,  provided  the  material 
is  not  volatile.  It  is  well  adapted  to  analyses  of  thyroid  tissue,  for  example. 

(a)  Oxidation  is  carried  out  in  a  nickel  crucible  of  50  cc.  capacity  containing 
4  cc.  of  water,  5  to  10  grams  of  sodium  hydroxide  pellets  and  the  material  to  be 
analyzed.  The  crucible  is  supported  in  a  pipestem  triangle  mounted  on  a  n'rmlnr 
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at  intervals  of  three  minutes  until  no  further  milky  effervescence  of  the  glassy 
melt  occurs. 

Because  an  excess  of  nitrate  will  interfere  with  the  subsequent  iodimetry,  it 
may  be  well  at  this  stage  deliberately  to  add  a  small  amount  of  dry  egg  albumin 
from  a  lot  in  which  the  iodine  content  is  negligible,  so  as  to  exhaust  any  extra 
amount  of  nitrate  reagent.  While  hot,  the  crucible  is  seized  with  a  pair  of  clean 
forceps  and  tipped  to  an  angle  of  40  degrees.  In  this  position  it  is  allowed  to 
cool.  After  20  minutes  it  should  be  cooled  enough  to  handle,  when  by  deft 
buckling  of  the  crucible  the  melt  can  usually  be  released  in  toto,  i.e.,  “shelled 
out.”  The  solid  melt  is  transferred  to  a  500  cc.  flat-bottomed  conical  flask  with 
an  extra  wide  mouth,  care  being  taken  not  to  crack  the  flask  by  dropping  the 
heavy  melt  precipitately  into  it.  The  melt  is  dissolved  by  adding  200  cc.  of 
distilled  water;  because  this  operation  requires  many  minutes  it  is  often  con¬ 
venient  to  leave  the  flask  stoppered  or  covered  over  night  at  this  stage. 

( b )  Conversion  of  Iodide  to  lodate.  The  cool  solution  is  next  treated  with 
2  cc.  of  10  per  cent  aqueous  solution  of  sodium  bisulfite,  and  a  minimal  amount 
of  methyl  orange  indicator  is  added.  The  alkali  is  then  neutralized  with  syrupy 
(70  per  cent)  phosphoric  acid.  This  neutralization,  strangely  enough,  is  the  most 
precarious  step  in  the  entire  procedure.  The  flask  should  be  whirled  as  the  acid 
is  slowly  poured  down  the  side.  Meanwhile  the  liquor  should  be  kept  cool  (i.e., 
below  5o°C.).  If  all  goes  well,  neutralization  should  be  pursued  until  the  solution 
shows  a  definite  but  not  deep  pink  color.  Unfortunately,  not  infrequently  the 
indicator  itself  undergoes  a  chemical  change  so  that  it  falsely  shows  a  yellowish 
color  when  the  solution  is  strongly  acid;  furthermore,  under  these  circumstances 
it  tends  to  bleach.  This  complication  is  more  likely  to  occur  in  hot  solutions,  when 
an  excess  of  nitrate  has  been  used  during  the  fusion  or  when  the  process  of 
neutralization  has  been  too  long  protracted,  especially  toward  the  end  in  the  acid 
phase.  After  neutralization  the  solution  should  be  cooled  further. 

A  few  drops  of  elementary  bromine  are  now  added  and  the  barest  pinch  of 
talcum  powder.  As  the  flask  is  whirled,  the  bromine  first  bleaches  the  dye  and 
then  dissolves  in  the  liquid  to  produce  the  characteristic  yellow  of  bromine  water. 
At  this  stage,  the  spurious  yellow  of  changed  dye  sometimes  obscures  the 
sequence.  The  solution  is  then  brought  to  the  boiling  point  and  allowed  to  simmer 
for  eight  minutes,  a  period  of  time  which  should  suffice  to  drive  off  the  excess  of 
bromine  and  leave  the  solution  colorless.  While  hot,  the  solution  is  treated  with 
10  drops  of  5  per  cent  aquecus  solution  of  sodium  salicylate,  and  then  the  flask 
is  cooled.  This  can  be  done  conveniently  by  inverting  a  clean  beaker  over  the 
mouth  of  the  flask  and  setting  it  under  a  running  faucet  of  cold  water. 

(c)  Titration  of  Iodine.  To  the  cold  solution  are  added  5  cc.  of  10  per  cent 
potassium  iodide  followed  by  5  cc.  of  70  per  cent  syrupy  phosphoric  acid.  The 
yellow  color  of  freshly  liberated  iodine  should  be  apparent  at  once.  The  ele¬ 
mentary  iodine  is  titrated  with  freshly  prepared  0.005  normal  sodium  thiosulfate 
conveniently  made  by  quantitatively  measuring  5  cc.  of  standard  0.1  normal 
sodium  thiosulfate  solution  into  a  100  cc.  volumetric  flask  and  diluting  to  the 
mark  with  distilled  water.  Titration  should  be  pursued  until  the  yellow _  coior  is 
all  but  gone,  and  then  a  few  drops  of  0.5  per  cent  starch  solution  should  be  added 
as  an  indicator.  The  end  point  is  taken  at  the  last  drop  which  completely  removes 
the  blue  or  purple  starch-iodide  color  for  at  least  one  minute^  One  cubic  centi¬ 
meter  of  this  dilute  thiosulfate  solution  is  equivalent  to  0.106  mg.  of  iodine  m 
the  original  sample. 


APPENDIX  2  73 

•t 

The  following  reagents  are  involved  in  this  method: 

1.  Sodium  hydroxide  pellets 

2.  Crystalline  potassium  nitrate 

3.  Soluble  egg  albumin  powder 

4.  Methyl  orange,  0.5  per  cent  solution  in  aqueous  alcohol 

5.  Ten  per  cent  aqueous  solution  of  sodium  bisulfite 

6.  Syrupy  phosphoric  acid,  70  per  cent 

7.  Elementary  bromine 

8.  Talcum  powder 

9.  Sodium  salicylate,  5  per  cent  aqueous  solution 

10.  Potassium  iodide,  10  per  cent  aqueous  solution 

11.  Standard  0.1  normal  sodium  thiosulfate  solution 

12.  Soluble  starch,  0.5  per  cent  solution 


Amounts  above  100  Micrograms 


permanganate  method  of  groak  (i).200  This  method  will  be  described  for 
materials  containing  not  more  than  a  trace  of  bromine,  which,  if  present,  requires 
a  modification  as  described  below.  The  method  is  not  so  universally  applicable 
as  the  Hunter-Kendall  procedure,  and  in  general  is  likely  to  fail  with  material 
containing  less  than  1  per  cent  of  iodine.  Unfortunately,  this  limitation  precludes 
its  use  directly  for  the  analysis  of  thyroid  tissue.  Nevertheless,  the  general 
principle  of  the  method  can  be  applied  to  very  small  amounts,  as  will  be  shown 
below;  and,  after  preliminary  ashing  and  concentration  of  the  iodine,  may  be 
used  for  extremely  small  amounts  of  iodine.  At  the  moment,  a  procedure  will 
be  described  which  is  applicable  to  amounts  of  iodine  greater  than  0.1  mg.,  i.e., 
100  micrograms.  Occasionally,  preliminary  ashing  may  be  omitted. 

About  0.6  gram  of  anhydrous  sodium  carbonate  and  0.4  gram  of  powdered 
potassium  nitrate  are  weighed  out  and  added  to  the  unknown  material  in  a 
porcelain  vessel  crucible  of  3  by  3  cm.  size.  One-half  cubic  centimeter  of  distilled 


water  is  added  and  the  resulting  liquor  is  evaporated  to  dryness  on  an  asbestos 
gauze  over  a  small  flame.  It  is  then  heated  with  a  direct  flame  until  it  glows  at  a 
dull  red  and  the  heating  is  continued  until  one  can  no  longer  see  any  dark  spots 
in  the  melt  and  the  evolution  of  gas  bubbles  has  subsided.  The  melt  is  cooled 
and  dissolved  in  5  cc.  of  hot  water.  It  is  then  transferred  to  a  100  cc.  Erlenmeyer 
flask  containing  a  dozen  glass  beads.  The  crucible  is  rinsed  into  the  flask  with 
from  15  to  20  cc.  of  water,  and  the  neck  of  the  flask  is  carefully  washed  down 
with  a  little  more  water.  Then  12  to  15  drops  of  a  cold  saturated  solution  of 
potassium  permanganate  are  added  and  thoroughly  dispersed  through  the  liquor 
by  shaking.  The  flask  is  brought  rapidly  to  the  boil  and  allowed  to  boil  for  ten 
seconds  It  is  then  removed  from  the  flame  and  the  hot  solution  is  treated  with 

5  C<T-  °f  f  2\  fer  S?lution  of  sulfuric  acid-  This  last  reagent  must  be  added 
cautiously  at  first,  drop  by  drop,  because  the  liquor  foams  or  froths  badly  through 

the  development  of  fumes  of  carbon  dioxide  and  nitrogen  dioxide.  The  reagent 
can  be  used  to  wash  down  the  neck  of  the  flask,  at  the  end.  8 

While  still  hot  the  flask  is  again  heated  and  treated  with  potassium  perman^a 
nate  solu  ion  which  has  been  diluted  to  fivefold  volume.  This  dilute  reagentl 
added  until  a  definite  rose  color  persists.  The  addition  of  the  reagent  should  be 

,hreegU  ,d  '  “t  the  Perslstlng  weak  rose  color  should  be  attained”  at  the  latest 
three-quarters  of  a  minute  after  the  beginning  of  boiling;  to  acWeve  this  the 
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treatment  should  start  before  boiling  begins  and  should  be  finished  as  boiling  gets 
under  way.  After  ten  to  fifteen  seconds  of  boiling  the  seething  solution  is  treated 
with  exactly  o.i  cc.  of  o.i  normal  sodium  nitrite  solution  which  results  in  imme¬ 
diate  bleaching;  at  the  same  time  the  neck  of  the  flask  is  quickly  rinsed  down 
with  water.  After  twenty-five  to  thirty  seconds’  boiling,  i  cc.  of  a  io  per  cent 
aqueous  solution  of  urea  is  added  and  again  the  neck  of  the  flask  is  well  rinsed 
with  a  wash  bottle.  During  this  entire  procedure  the  flask  has  been  kept  over  a 
flame  so  that  uninterrupted  boiling  has  been  maintained.  After  another  minute 
the  flask  is  removed  from  the  flame  and  rapidly  cooled  under  running  water.  Then 
i  cc.  of  io  per  cent  aqueous  solution  of  potassium  iodide  is  added,  followed  by  4 
drops  of  a  1  per  cent  solution  of  starch.  The  resulting  starch-iodide  complex  is 
then  titrated  with  0.01  normal  thiosulfate  from  a  microburette.  The  thiosulfate 
is  made  up  freshly  each  day  from  a  standard  0.1  normal  solution.  For  larger 
amounts  one  can  use  dilutions  at  0.02  normal  or  even  the  undiluted  0.1  normal 
stock  solution.  In  this  method  1  cc.  of  the  0.01  normal  thiosulfate  is  equivalent 
to  0.212  mg.  of  original  iodine. 

In  the  presence  of  bromine,  free  bromine  vapor  is  liberated  by  the  permanga¬ 
nate  with  the  formation  of  manganese  dioxide.  Accordingly,  after  acidification 
with  the  sulfuric  acid,  the  liquid  must  be  treated  with  permanganate  solution 
in  excess  before  the  beginning  of  heating.  When  gentle  boiling  begins,  further 
permanganate  is  added  until  the  muddy  brown  liquid  assumes  a  definite  violet 
shade.  At  this  point  all  the  bromine  has  been  liberated  and  can  be  boiled  out 
almost  instantly.  Thereupon,  10  per  cent  sodium  nitrite  can  be  added  to  the 
boiling  solution  and  the  wall  of  the  flask  carefully  washed  down  to  remove  any 
adherent  particles  of  manganese  dioxide.  This  modification  requires  only  two  or 
three  minutes  extra  time,  and  after  the  bleaching,  dilute  permanganate  can  be 
added  and  the  procedure  carried  out  as  described  above. 

It  will  be  noted  that  for  the  relatively  large  quantity  of  material  involved  the 
permanganate  serves  to  oxidize  only  the  last  traces  of  iodine,  because  most  of 
the  iodine  has  already  been  taken  care  of  by  the  preliminary  ashing  in  the 
crucible.  The  later  treatment  with  permanganate  serves  to  oxidize  the  greater 
part  of  the  nitrous  acid  set  free  by  acidification.  The  rest  of  the  procedure  is 
designed  simply  to  remove  rapidly  and  completely  the  excess  of  permanganate 
and  nitrite.  Under  these  conditions  iodic  acid  is  not  attacked.  Because  of  the 
rather  high  acidity,  however,  the  final  titration  must  be  carried  out  immediately 
after  the  addition  of  the  potassium  iodide. 

With  an  aliquot  containing  0.5  mg.  of  iodine,  the  experimental  error  is  usually 
under  1  per  cent  and  rarely  over  2  per  cent,  i.e.,  less  than  ±10  micrograms. 

The  reagents  used  in  the  above  procedure  are  as  follows: 

1.  Anhydrous  sodium  carbonate 

2.  Powdered  potassium  nitrate 

3.  Saturated  aqueous  potassium  permanganate 

4.  Sulfuric  acid,  25  per  cent  solution 

5.  Diluted  potassium  permanganate  solution  (fivefold  volume) 

6.  Sodium  nitrite,  0.1  normal  aqueous  solution 

7.  Urea,  10  per  cent  aqueous  solution 

8.  Potassium  iodide,  10  per  cent  solution 

9.  Starch,  1  per  cent  aqueous  solution 

10.  Standard  thiosulfate,  0.1  normal  solution 
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Amounts  above  jo  Micrograms 

micro- permanganate  oxidation  of  groak  (11)  ™  Although  not  universally 
applicable,  for  many  materials  containing  more  than  1  per  cent  of  iodine  by 
weight,  the  organic  material  may  be  oxidized  directly  in  solution  within  a  few 
minutes  by  the  following  procedure:  the  material  is  transformed  in  weakly 
alkaline  solution  at  ioo°C.  into  iodate  by  treatment  with  a  slight  excess  of  potas¬ 
sium  permanganate.  The  excess  is  reduced  in  acid  solution  with  sodium  nitrite, 
which  in  turn  is  destroyed  with  urea.  Then  the  iodate  is  released  as  elementary 
iodine  by  adding  potassium  iodide  and  titrated  in  the  presence  of  starch  with 
0.001  normal  thiosulfate  solution.  The  reagents  must  all  be  absolutely  free 
of  iodine. 

The  analysis  is  conducted  in  a  small  flask  or  a  wide  test  tube  (30  by  100  mm.) 
containing  less  than  5  cc.  of  water.  After  the  addition  of  a  drop  of  normal 
potassium  permanganate  solution  the  tube  is  placed  for  two  minutes  in  a  boiling 
water  bath.  Then  3  drops  of  phosphoric  acid  are  added,  followed  by  one  drop  of 
0.5  normal  sodium  nitrite  solution.  On  the  addition  of  the  acid  the  color  should 
at  most  be  faintly  reddish,  and  the  added  nitrite  should  produce  complete  bleach¬ 
ing  instantaneously.  The  wall  of  the  tube  is  rinsed  with  the  contained  liquor, 
the  whole  heated  in  the  water  bath  for  thirty  seconds  and  the  wall  again  rinsed. 
Next,  3  drops  of  a  40  per  cent  urea  solution  are  added,  the  wall  of  the  tube 
rinsed  carefully  higher  than  formerly  and  the  whole  heated  in  the  water  bath 
for  one  minute.  After  another  thorough  rinsing  of  the  vessel  the  tube  is  cooled. 
This  entire  procedure  requires  about  five  minutes.  Finally,  a  small  crystal  of 
potassium  iodide  is  added,  followed  by  a  drop  of  freshly  prepared  2  per  cent 
starch  solution. 

The  following  series  of  routine  analyses  of  an  iodopeptide  derived  from  serum 
albumin  were  performed  by  Dr.  Jytte  M.  Muus  and  the  author.  For  the  Groak  I 
method,  the  solution  was  diluted  to  tenfold  volume;  for  the  Groak  II  method,  the 
solution  was  diluted  to  one  hundredfold  volume.  Comparative  values  are  given 
for  the  Kendall-Hunter  method  (K.H.)  and  the  two  Groak  methods  (G-I)  and 
G-H).  For  K.H.  88  gamma,  G-I  gave  87,  87,  87,  88,  and  88;  for  K.H.  103 
gamma,  G-I  gave  102  and  101;  for  K.H.  117  gamma,  G-I  gave  116.  Similarly, 
for  a  series  of  K.H.  values,  i.e.,  (a)  0.70,  ( b )  0.88,  (c)  1.06,  (d)  1.06,  (e)  1.23’ 
(/)  1.23,  and  (g)  1.41,  the  corresponding  G-II  values  were  (a)  0.78,  ( b )  0.98, 
(e)  1.15,  (d)  1.07,  (e)  1. 18,  (/)  1.23,  and  ( g )  1.41.  These  analyses  are  given 
to  indicate  the  possibilities  of  routine  work  in  a  clinical  laboratory ;  they  do  not 
represent  maximal  accuracy  attainable  under  ideal  conditions. 

The  starch-iodide  complex  is  titrated  with  freshly  prepared  0.001  normal 
thiosulfate  solution.  In  this  procedure  the  glass  droppers  used  must  be  cali¬ 
brated  so  that  the  relative  amounts  which  they  deliver  are  suitably  proportioned. 
In  general  the  method  for  very  small  amounts,  i.e.,  under  10  micrograms,  should 
be  applied  m  a  volume  approaching  2  cc.  The  preliminary  treatment  can  be 
conducted  in  a  larger  volume  and  then  the  water  evaporated  down  after  the 

rnnJ  r  K  ^  SUCh  ^  am°UntS  there  is  obviously  a 

amm,dirabfe  perSOnal  equatlon  as  regards  skill  in  manipulation.  Nevertheless 
mounts  of  1.5  microgram  can  be  oxidized  and  titrated  with  an  error  of  ±a 
per  cent.  Watson'"  describes  an  apparatus  for  microtitration  4 

The  reagents  required  for  the  Groak  (II)  method  are  as  follows: 

1.  Potassium  permanganate  solution,  i  normal 

2.  Syrupy,  70  per  cent  phosphoric  acid,  specific  gravity  1.7 
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3.  Sodium  nitrite  solution,  0.5  normal 

4.  Urea  solution,  40  per  cent 

5.  Crystalline  potassium  iodide 

6.  Starch,  2  per  cent  aqueous  solution 

7.  Standard,  stock  thiosulfate,  0.1  normal  solution 
All  of  these  reagents  must  be  of  the  highest  purity. 


Amounts  above  0.1  Microgram 

wet-ashing.  In  the  presence  of  a  great  excess  of  organic  material,  and 
particularly  when  the  iodine  content  is  less  than  1  per  cent,  this  direct  oxidation 
in  solution  is  not  applicable.  Under  such  circumstances  recourse  must  be  had 
to  a  preliminary  ashing  procedure,  followed  by  some  method  of  concentrating 
the  resulting  iodide.  A  possible  method  is  the  ashing  of  the  material  in  an  open 
crucible  in  the  presence  of  potassium  carbonate.  This  residue  may  then  be 
leached  repeatedly  with  alcohol  and  the  combined  extracts  evaporated  in  the 
presence  of  a  small  amount  of  potassium  carbonate.  The  author,  however,  prefers 
wet-ashing  followed  by  distillation  to  concentrate  the  iodine.  A  convenient 
method  of  doing  this  is  that  of  Matthews,  Curtis,  and  Brode3"9  in  which  the 
oxidation  is  carried  out  with  chromium  trioxide  in  the  presence  of  concentrated 
sulfuric  acid.  The  excess  of  the  oxidant  is  removed  by  treatment  with  phos¬ 
phorous  acid  and  the  iodine  transferred  by  distillation  into  a  receiver  containing 
potassium  carbonate  and  sulfuric  acid.  In  this  case  the  distillate  may  then  be 
treated  after  evaporation,  as  above  described. 

Several  procedures  have  been  used  successfully  to  concentrate  the  iodine  after 
destroying  the  organic  material,  e.g.,  in  blood  plasma  or  urine,  by  oxidation. 
Leipert 312  used  chromic  oxide,  as  did  Matthews,  Curtis,  and  Brode,3  followed  by 
distillation.  Fashena  and  Trevorrow166  used  dichromate  followed  by  aeration, 
hot.  The  following  extension  of  the  permanganate  method,  however,  is  very 
convenient  and  accurate.  It  is  produced  here  through  the  courtesy  of  the  authors. 

PERMANGANATE  ACID  ASHING  METHOD  OF  D.  S.  RIGGS  AND  E.  R.  MAN* 


Apparatus 

The  all-Pyrex  distilling  apparatus  with  interchangeable  ground-glass  joints  is 
drawn  to  scale  in  Fig.  39.  It  consists  of  the  following  parts. 

(A)  Digestion  flask  made  from  a  900  cc.  Kjeldahl  flask  of  which  the  long 

neck  has  been  replaced  by  a  ground-glass  joint. 

(B)  Distilling  arm  which  connects  flask  with  condenser  by  two  inside  groun  - 
glass  joints.  The  capillary  tube  attached  to  the  dropping  funnel  e*tends  ^ 
within  8.0  mm.  of  the  bottom  of  flask  A.  The  cross  arm  from  the  center  of  the 

capillary  to  the  center  of  the  condenser  tube  is  135  mm-  lonS- 

(C)  Short  coil  condenser,  the  water  jacket  of  which  measures  170  mm. 

the  water  jacket  is  a  dew  cup.  ide 

(D  )  Receiving  flask  made  by  cutting  off  the  top  of  a  thin  glass,  250  cc.,  w  de 
mouth  Erlenmeyer  flask.  At  the  base  is  joined  a  short  horizontal  side  arm  wi 
n  nnacitv  of  aDDroximately  3  cc.  which  is  calibrated  at  2  cc.  . 

(E)  Thermometer  attached  by  a  heavy  rubber  band  to  the  capillary  tube  0 

,  From  the  Departments  of  Physiology  and  Psychiatry,  Yale  University  School  of 
Medicine,  New  Haven,  Connecticut.  See  J.  Biol.  Chern.,  134 ■  J93-  *94°- 
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the  distilling  arm.  This  is  io  cm.  long  and  is  calibrated  in  one  degree  divisions 

from  120  to  2oo°C.  on 

Thermometer.  This  is  35  cm.  long  and  graduated  from  o  to  200  C. 
Antibumps.  These  are  17  and  13  cm.  long,  respectively.  A  satisfactory  type 


i$  FMe^Znerf"*1  'ength  S'aSS  ‘Ubing  i<>ined  e"d  t0  end  with  a  ^ass 

Electric  Hot  Plate. 

Sand  Bath.  A  Pyrex  pie  plate  covered  with  a  thin  layer  of  iodine-free  sand 
serves  as  a  convenient  steady  bath  for  the  oxidation  step! 


278  ENDOCRINE  FUNCTION  OF  IODINE 


Rehberg  microburette  similar  in  length  and  capacity  to  that  described  by 
Rehberg  (cf.  P.  B.  Rehberg,  A  Method  of  Microtitration,  Biochem.  J.  ig\  270. 
1925.)  The  tip  is  attached  to  the  burette  by  a  ground-glass  joint  and  the  terminal 
portion  is  drawn  into  a  very  fine  capillary  which  dips  under  the  surface  of  the 
solution  during  titration. 

Wash  Bottle.  The  Corning  washing  bottle  is  satisfactory  but  it  should  be 
provided  with  a  saliva  trap. 


Preparation  and  Purification  of  Reagents.  Where  not  otherwise  specified, 
analytical  reagent  chemicals  are  used.  Redistilled  water  is  used,  not  only  in  the 
preparation  of  solutions  but  also  to  rinse  all  apparatus.  A  description  of  the 
reagents  follows: 

( 1 )  Redistilled  Water.  Approximately  200  grams  of  potassium  carbonate  or 
hydroxide  and  a  few  glass  antibumps  are  placed  in  a  special  12  liter  round- 
bottomed  distilling  flask  mounted  on  a  shallow  sand  bath.  The  flask  is  half  filled 
with  distilled  water  and  connected  to  a  water  condenser  by  means  of  a  ground- 
glass  joint.  The  sand  bath  is  heated  and  the  distillate  is  discarded  until  it 
becomes  neutral  to  methyl  red.  More  distilled  water  is  added  to  the  distilling 
flask  as  it  is  needed.  The  carbonate  should  be  replenished  every  two  or  three 
weeks. 

( 2 )  Potassium  Oxalate  Solution  According  to  Peters  and  van  Slyke  ( 0.1  per 
cent  Iodine  Free).  Cf.  J.  P.  Peters  and  D.  D.  van  Slyke:  Quantitative  Clinical 
Chemistry,  Vol.  2,  Methods.  Baltimore.  Williams  &  Wilkins,  1932. 

(3)  Potassium  Permanganate  (Carus,  U.S.P.).  Seven  hundred  grams  of 
crystalline  potassium  permanganate  are  dissolved  as  rapidly  as  possible  by  heating 
with  2500  cc.  of  water.  The  crystals  should  be  stirred  frequently  until  dissolved. 
As  soon  as  the  last  crystals  have  disappeared,  the  solution  is  filtered  through 
glass  wool  into  a  beaker  and  is  stirred  constantly  while  the  beaker  is  chilled  in 
ice.  The  permanganate  is  suction  filtered  on  Whatman  No.  42  filter  paper  in  a 
Buchner  funnel,  washed  five  times  with  cooled  redistilled  water,  transferred  to 
a  large  porcelain  evaporating  dish  and  dried  in  an  oven  overnight  at  ioo°C.  It 
may  be  necessary  to  repeat  this  procedure  once  or  twice. 

( 4 )  One  per  cent  potassium  permanganate  solution  is  made  from  the  re¬ 


crystallized  reagent. 

(5)  Potassium  Permanganate  Solution  (1  normal).  Thirty-one  and  six-tenths 
grams  of  recrystallized  reagent  are  diluted  to  1000  cc.  with  redistilled  water. 
This  solution  should  be  stored  in  a  brown  bottle  in  the  dark.  If  a  precipitate 
forms,  the  solution  should  be  filtered  through  a  glass  fritted  funnel. 

(6)  Copper  Metal,  Granular. 

(7)  Ceric  Sidfate.  Fifteen  grams  of  ceric  sulfate  are  washed  with  75  cc.  of 
boiling  95  per  cent  redistilled  ethyl  alcohol.  The  ceric  sulfate  is  allowed  to  settle 
and  most  of  the  supernatant  alcohol  is  decanted.  The  remainder  is  filtere 
through  a  small  filter  paper.  This  procedure  is  repeated  twice  and  the  ceric 
sulfate  is  then  dried  in  air  at  room  temperature  and  stored  in  the  refrigerator. 

(S)  Sulfuric  Acid  (18  normal)  (Merck  or  Mallinckrodt  C.P.A.R.;  low 
nitrogen).  Concentrated  sulfuric  acid  is  poured  slowly  into  redistilled  water  in 
the  proportion  of  17  cc.  of  acid  to  20  cc.  of  water  to  make  34  cc  of  solution. 
The  sulfuric  acid  has  been  found  to  be  essentially  iodine  free  Boiling  the  con¬ 
centrated  sulfuric  acid  for  several  hours  did  not  alter  the  blank  appreciably. 

(p)  Sulfuric  Acid  (8  normal). 

(/o)  Potassium  Carbonate  Solution  1  M. 
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(11)  Sodium  Bisulfite  Solution  0.1  M.  i:r 

( 12 )  Oxalic  Acid  Solution  Saturated  at  30°C.  Five  hundred  gram 
acid  (Mallinckrodt)  are  dissolved  by  heating  to  90°C.  in  400  cc.  o  wa  er. 

hot  solution  is  filtered  through  fluted  Whatman  No  r  filter  paper  into  a  bea  e 
and  is  stirred  constantly  while  the  beaker  rs  chdled  m  ice^  The  crystals  are 
filtered  by  suction  on  a  Whatman  No.  42  filter  paper  in  a  Buchner  funnel  and  are 
washed  five  times  with  chilled  water.  The  crystals  are  kept  in  the  dark  at  room 
temperature  in  a  brown  bottle  with  sufficient  water  to  make  a  saturated  solution, 
saturation  being  insured  by  a  residue  of  undissolved  acid.  Just  before  use  the 

solution  is  heated  to  approximately  30°C. 

(13)  Sodium  Nitrite  Solution  (0.75  normal)  1.3  grams  per  50  cc.  This  solution 

should  be  made  up  at  least  every  two  weeks. 

( 14 )  Urea  Solution  5  M. 

(75)  Stabilized  Arrowroot  Starch  (1  per  cent  solution ).  Ten  grams  of  arrow- 
root  starch  are  rubbed  up  with  a  little  water  and  poured,  with  stirring,  into  1000 
cc.  of  boiling  water.  The  solution  is  removed  from  the  flame  at  once  and  allowed 
to  cool.  One  gram  of  salicylic  acid  is  added  as  a  preservative.  The  solution  will 
keep  indefinitely  in  the  refrigerator  but  should  be  centrifuged  before  use. 

(16)  Potassium  Iodide  Solution  ( 0.2  per  cent).  This  must  be  freshly  prepared 
daily. 

(77)  Sodium  Thiosulfate  Solution  (0.001  normal).  Approximately  26.5  grams 
of  sodium  thiosulfate  are  diluted  to  1000  cc.  and  the  solution  is  allowed  to  stand 
for  two  weeks  in  order  that  sulfur  may  be  precipitated.  This  stock  solution 
(approximately  0.1  normal)  keeps  well  if  stored  in  the  dark.  The  dilute  solution, 
one  part  of  stock  solution  made  up  with  water  to  100  cc.,  should  be  prepared 
not  less  frequently  than  once  every  two  weeks  and  kept  in  the  refrigerator.  It  is 
standardized  as  follows:  2  cc.  of  0.01  normal  biiodate  solution  are  pipetted  into 
each  of  two  titration  flasks,  1  cc.  of  1  per  cent  potassium  iodide  solution  is  added 
and  the  flasks  are  cooled  in  ice  water.  Ten  drops  of  8  normal  sulfuric  acid  are 
added  and  the  solution  is  immediately  titrated  with  0.001  normal  thiosulfate 
solution  delivered  from  a  50  cc.  burette  calibrated  at  0.1  cc.  intervals.  When 
the  yellow  color  of  free  iodine  has  almost  disappeared  from  the  solution,  six 
drops  of  1  per  cent  starch  solution  are  added  and  titration  is  continued  to  the 
point  of  disappearance  of  the  blue  starch-iodine  color.  The  corrected  titers  of 
the  two  samples  should  check  within  0.1  cc.  The  thiosulfate  factor  is  obtained 
by  dividing  the  theoretical  titer  (20  cc.)  by  the  average  of  the  observed  titers. 
If  the  thiosulfate  factor  is  too  great  the  concentration  of  the  stock  solution 
should  be  adjusted  by  appropriate  dilution. 

(75)  Biiodate  (0.1  normal  solution)  (according  to  Peters  and  van  Slyke). 

Procedure.  This  is  as  follows : 

.  Dl&esti°n.  Fourteen  grams  of  recrystallized  potassium  permanganate,  a  small 
piece  of  copper  and  approximately  10  mg.  of  ceric  sulfate  are  mixed  with  13  to 
25  w  aJ*?  “  JaJdi«estion  flask-  While  the  mixture  is  shaken,  10  cc  of 

f  3  are  addtd'i  Tt,’  .CC'  0f  18  normal  sulfuric  acid  are  then  introduced 
and  the  flask  is  again  shaken  vigorously.  A  violent  foaming  reaction  takes  nlace 

during  whlch  no  more  acid  should  be  added  lest  the  contents  boil  out  of  the  flask 

After  approximately  five  minutes,  when  the  reaction  subsides  200  cc  of  18 

normal  sulfuric  acid  are  added.  Two  large  antibumps  and  a  2oo°C.  thermometer 
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are  placed  in  the  flask,  which  is  supported  on  an  asbestos  wire  gauze  on  a  ring- 
stand.  Heat  from  a  Fisher  burner  is  applied  gently  at  first  and  the  flask  is  shaken 
until  boiling  commences.  Just  before  this  point  foaming  occasionally  is  excessive, 
and  it  may  be  necessary  to  stop  heating  momentarily  and  to  add  a  little  water 
from  a  wash  bottle.  As  soon  as  the  mixture  is  boiling  steadily  no  further  shaking 
is  necessary  and  the  flame  may  be  increased.  Digestion  is  continued  until  a 
temperature  of  i95°C.  is  reached.  The  entire  heating  should  take  about  twenty- 
five  to  thirty  minutes. 

When  the  digest  has  cooled  to  below  ioo°C.,  150  cc.  of  1  per  cent  potassium 
permanganate  solution  are  added.  The  flask  is  reheated  to  i45°C.  during  a  period 
of  about  15  minutes.  Constant  shaking  is  necessary  during  this  reheating  in  order 
to  prevent  bumping.  When  the  digest  has  again  cooled  to  below  ioo°C.  the 
thermometer  is  washed  with  25  cc.  of  water  and  removed. 

Distillation.  The  digestion  flask  is  attached  by  means  of  the  ground-glass  joint 
to  the  distilling  apparatus.  The  receiving  flask,  containing  1  cc.  each  of  1.0  M. 
potassium  carbonate  and  0.1  M.  sodium  bisulfite,  is  tilted  so  that  the  tip  of  the 
condenser  dips  below  the  surface  of  the  fluid.  Heat  is  applied  until  the  tempera¬ 
ture  of  the  digest  reaches  138°  to  i4o°C.  Saturated  oxalic  acid  solution  is  added 
through  the  dropping  funnel  slowly  enough  so  that  the  rate  of  the  evolution  of 
carbon  dioxide  is  moderate  and  the  temperature  does  not  jail  below  i35°C. 
Complete  reduction  is  indicated  by  decolorization  of  the  digest,  although  a  few 
minutes  may  be  required  for  the  last  black  specks  to  disappear.  At  least  2  or  3 
cc.  of  oxalic  acid  in  excess  should  be  added  to  insure  complete  liberation  of  the 
iodine.  A  greater  excess  is  inadvisable  for  the  reason  that  will  be  mentioned 
under  “oxidation.”  Until  the  digest  is  completely  reduced,  continuous  shaking 
is  necessary  to  prevent  bumping.  While  distillation  is  continued  slowly,  water 
is  added  from  time  to  time  through  the  dropping  funnel  to  keep  the  temperature 
between  135°  and  i45°C.  About  170  cc.  of  distillate  should  be  collected  during 
at  least  thirty  minutes. 

The  receiving  flask  is  provided  with  a  small  antibump.  On  an  electric  hot  plate 
or  an  asbestos  mat  over  a  Fisher  burner  the  distillate  is  evaporated  to  approxi¬ 
mately  20  cc.  The  antibump  is  washed  down  and  removed,  and  evaporation  is 
continued  more  slowly  to  prevent  spattering  until  the  volume  is  6  or  7  cc. 

Oxidation  (As  adapted  from  Groak).207  The  flask  is  placed  in  a  shallow  70° 
to  8o°C.  water  bath  on  a  hot  plate  and  eight  drops  of  1  normal  potassium 
permanganate  solution  are  added.  If  the  eight  drops  are  decolorized,  more 
permanganate  is  added  until  a  permanent  purple  color  is  attained.  If  too  large  an 
excess  of  oxalic  acid  was  added  during  distillation  more  permanganate  is  neces¬ 
sary.  After  four  minutes,  six  drops  of  8  normal  sulfuric  acid  are  added.  Carbon 
dioxide  from  the  carbonate  is  evolved  but  the  purple  color  should  persist.  After 
another  four  minutes  the  flask  is  removed  from  the  water  bath  and  0.75  normal 
sodium  nitrite  solution  is  added  dropwise  with  constant  shaking  until  the  solution 
is  water-clear  and  no  specks  of  manganese  dioxide  remain.  One  drop  of  nitrite  is 
added  in  excess  and  the  sides  of  the  flask  are  carefully  washed  by  rotating  the 
flask.  Two  drops  of  5  M.  urea  are  added  at  once  and  the  sides  of  the  flask 
are  again  carefully  washed.  The  addition  of  the  nitrite  and  urea  should  take 
about  one  and  one-half  minutes.  The  flask  is  replaced  in  the  water  bath  until 
the  solution  comes  to  a  volume  of  about  2  cc.  Estimation  of  the  volume  is 
facilitated  by  the  use  of  a  special  flask  provided  at  the  base  with  a  short  side-arm 

calibrated  at  2  cc. 


appendix 


Titration  The  flask  is  chilled  in  ice  water  and  a  drop  of  i  per  cent  stabdized 
J  h  soMon  is  added.  Six-hundredths  of  a  cubic  centimeter  of  freshly  pre- 
nared  o  2  per  cent  potassium  iodide  solution  is  pipetted  into  the  solution  and 
mixed  bv  rotating  the  flask.  Titration  is  effected  with  o.ooi  normal  sodium 
thiosulfate  solution  delivered  from  a  Rehberg  microburette ~  When  the  blue 
starch-iodine  color  has  almost  disappeared,  the  flask  is  again  chi  led  in  ic =  water- 
As  the  end-point  is  approached,  not  more  than  0.0005  to  0.0008  cc.  of  thiosulfate 
should  be  added  at  once.  A  comparison  flask  containing  2  cc.  of  water  an 
drop  of  starch  facilitates  accurate  estimation  of  the  end-point.  During  addition 
of  thiosulfate,  the  tip  of  the  microburette  should  dip  below  the  surface  of  the 

solution  which  is  being  titrated.  .  „  .  . 

Blank.  The  technique  for  determining  blanks  is  essentially  the  same  as  that 

used  for  blood,  except  in  two  respects.  The  quantity  of  oxalic  acid  should  be 
similar  to  that  required  in  an  analysis  of  blood.  The  original  digestion  must 
therefore  be  prolonged  to  attain  a  degree  of  reduction  of  the  permanganate 
equivalent  to  that  which  occurs  with  blood.  Iodine  must  be  added  after  evapora¬ 
tion  of  the  distillate  because  the  value  of  the  blank  is  so  small  that  accurate 


titration  is  impossible. 

Fifteen  and  one-half  grams  of  permanganate,  about  20  cc.  of  water,  a  piece 
of  copper,  approximately  10  mg.  of  ceric  sulfate,  and  210  cc.  of  18  normal  sulfuric 
acid  are  mixed  in  the  manner  described  for  blood.  The  same  amount  of  anti¬ 
coagulant  as  that  used  for  one  aliquot  of  blood  should  be  included.  The  digest 
is  heated  to  i95°C.,  allowed  to  cool  below  ioo°C.  and,  after  the  addition  of 
100  cc.  of  water,  is  reheated  to  i95°C.  Eighty-five  cc.  of  water  are  used  to  wash 
the  thermometer.  Distillation  and  evaporation  of  the  distillate  are  carried  out 
as  in  the  blood  method.  Before  oxidation  of  the  7  cc.  of  distillate  with  permanga¬ 
nate,  a  small,  accurately  measured  quantity  of  biiodate  solution  is  added  to  each 
flask  (0.5  cc.  of  0.00005  normal  biiodate  is  convenient).  On  the  same  day  it  is 
advisable  to  perform  control  titrations  on  the  same  amount  of  iodate  added  to  a 
mixture  of  1  cc.  of  0.1  M.  sodium  bisulfite  and  1  cc.  of  1.0  M.  potassium 
carbonate  and  carried  through  the  final  oxidation  and  titration  processes. 

The  value  of  the  blank  is  the  difference  between  the  average  titers  of  the 
control  iodate  samples  and  of  the  distillates  to  which  iodate  was  added.  It  does 
not  exceed  0.0050  cc.  of  0.001  normal  thiosulfate  if  the  reagents  have  been 
carefully  repurified. 


Discussion.  Leipert  309  suggested  ceric  sulfate  as  a  catalyst  in  his  original 
chromic  acid  ashing  method  and  copper  is  widely  used  to  catalyze  digestion  in 
the  Kjeldahl  method.  The  results  of  a  few  analyses  of  blood  with  and  without 
the  catalysts  did  not  differ  significantly,  but  enough  experiments  have  not  been 
performed  to  prove  whether  the  catalysts  are  essential  for  the  determination  of 
iodine  in  substances  other  than  blood. 

It  is  exceedingly  important  to  use  dilute  (18  normal)  sulfuric  acid.  Concen¬ 
trated  (36  normal)  sulfuric  acid  must  not  be  used  because  the  concentrated  acid 
reacts  with  permanganate,  even  in  aqueous  solution,  to  liberate  dangerously 
explosive  purple  fumes  of  highly  oxidized  manganese  compounds. 

The  second  digestion  with  1  per  cent  permanganate  solution  may  not  be 
essential  because  in  several  instances  in  which  this  heating  was  omitted  the 
results  were  identical  with  those  from  samples  of  blood  heated  twice.  However 
some  decomposition  products  of  organic  material  are  liberated  during  the  second 
heating.  Also,  in  the  distillation  process,  reduction  with  oxalic  acid  solution 


ENDOCRINE  FUNCTION  OF  IODINE 


proceeds  more  smoothly  if  the  digest  has  been  reheated  with  i  per  cent 
permanganate.  H 

Since  the  accuracy  of  the  starch-iodine  titration  is  influenced  by  a  great  many 
factors,  consistent  results  depend  very  largely  on  maintaining  constant  conditions 
of  titration.  Some  of  these  factors  merit  brief  discussion.  The  acidity  of  the 
solution  must  be  maintained  within  fairly  narrow  limits.  Too  small  a  concen¬ 
tration  of  acid  gives  low  titers,  while  a  large  excess  gives  slightly  high  values 
An  acidity  of  approximately  0.6  normal  in  the  solution  to  be  titrated  has  been 
found  satisfactory.  The  amount  of  potassium  iodide  added  before  titration  must 
be  carefully  controlled.  In  the  presence  of  the  large  amount  of  salts  in  the 
solution  after  the  Groak  oxidation,  a  large  excess  of  potassium  iodide  results  in 
a  purple,  or  reddish-violet,  starch-iodine  color  and  an  indefinite  yellowish  end¬ 
point.  If,  on  the  other  hand,  an  insufficient  amount  of  iodide  is  added,  the 
iodide-iodate  reaction  does  not  go  to  completion  and  titers  are  low.  For  amounts 
of  iodate  iodine  up  to  3  gamma,  0.06  cc.  of  0.2  per  cent  potassium  iodide  solution 
is  satisfactory.  It  is  important  to  cool  the  titration  flasks  in  ice  water  before,  and 
at  intervals  during,  titration  because  the  sensitivity  of  the  starch  indicator  varies 
inversely  with  the  temperature.  The  source  of  light  should  be  of  constant 
strength  and  not  bright  enough  to  produce  eye  fatigue.  A  small  Eastman  x-ray 
illuminator  with  a  sheet  of  thin  white  paper  across  the  screen  to  soften  the  light 
has  been  extremely  serviceable.  The  maximum  depth  of  color  is  seen  if  the 
receiving  flask  is  held  at  an  angle  so  that  the  solution  forms  a  shallow  pool. 

Even  under  the  most  favorable  conditions,  the  starch  indicator  is  never 
sufficiently  sensitive  to  produce  a  visible  color  with  minute  traces  of  iodine. 
Therefore,  a  small  amount  of  iodine  will  remain  untitrated  when  the  starch- 
iodine  color  disappears  at  the  observed  end-point.  Since  this  amount  varies 
directly  with  the  volume  of  the  solution,  it  is  necessary  to  add  a  small  volume 
correction  to  the  observed  titer.  It  is  advisable  for  each  investigator  to  determine 
the  correction  independently,  by  comparing  observed  and  theoretical  titers  of 
known  iodine  solutions.  In  this  laboratory  a  volume  correction  of  about  plus 
0.02  gamma  (equivalent  to  about  0.0010  cc.  of  0.001  normal  thiosulfate)  per 
cubic  centimeter  of  final  volume  has  been  employed. 

It  seems  scarcely  necessary  to  stress  the  importance  of  avoiding  sources  of 
iodine  contamination  when  determining  such  small  quantities  of  iodine  as  are 
present  in  blood.  Tincture  of  iodine  should  never  be  used  in  preparing  the  skin 
for  venipuncture,  nor  should  it  be  used  by  any  of  the  laboratory  workers. 
Extreme  care  should  be  exercised  to  keep  hands  and  clothing  free  from  iodine- 
containing  solutions  which  might  inadvertently  be  transferred  to  apparatus  or 
reagents.  All  bottles  of  chemicals  which  might  liberate  free  halogens  should 
either  be  kept  securely  stoppered  or  removed  from  the  laboratory. 

The  amounts  of  the  reagents  used  must  be  varied  in  proportion  to  the  quantity 
of  blood  to  be  analyzed.  The  following  formulae  express  the  quantities  required: 

Grams  KMn04  =  1.2  (cc.  blood)  +  2 

cc.  18  normal  H,S04  =  13.3  (total  grams  KMnC>4  used) 

(It  is  especially  important  to  use  sufficient  18  normal  sulfuric  acid  since, 
if  less  than  the  indicated  quantity  is  used,  a  white  precipitate  will  form 

during  distillation  and  cause  bumping.)  .  . 

cc.  1  per  cent  KMn04  =  approximately  10  cc.  per  gram  of  KMnOq  originally 
used  but  this  amount  must  never  be  less  than  100  cc. 
cc.  H20  after  second  heating  =  1  cc.  per  8  cc.  of  18  normal  H2S04. 
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All  determinations  including  blanks  are  done  in  duplicate. 


Calculations. 


100 

cc.  blood  used 


X 


T  -  B1 

0.0473 


=  gamma  of  iodine  per  100 


cc. 


T  =  observed  titer  corrected  for  burette  calibration,  thiosulfate  factor  and 
volume  correction. 

B1  =  titer  of  blank.  . 

0.0473  =  cc.  of  0.001  normal  thiosulfate  equivalent  to  1  gamma  of  iodine. 

The  results  shown  in  Table  44  indicate  the  recovery  of  iodine  from  several 

different  types  of  chemical  compound. 


TABLE  44 
Iodine  Recoveries 


Iodine  Added  Digested  \\  ith 

Reagents  alone  Blood 

Av.  re-  Av.  Av.  re-  Av. 

Amounts  covery  error  covery  error 

As  (  )  Number  %  %  Number  %  % 

KI  .  0.25-1.00  24  96  5.5  7  99  8.4 

Diiodotyrosine  .  0.50-2.00  18  91  9.1 

Thyroxine  .  0.37-2.48  . .  . .  . .  12  97  4.6 

Iodo-Horse-Alb .  2.11-3.04  2  97*  3.0  2  94*  6.0 

“T”  Peptone  .  2.70-3.89  2  90*  10.0  2  91*  9.0 

“D”  Peptone  .  1.61-1.79  2  93*  7.0  3  96*  5.3 


*  Calculated  from  macro-analytical  values  from  W.  T.  Salter. 


Blood  iodine  values  obtained  by  the  permanganate  acid  ashing  method  are 
considerably  lower  than  those  obtained  by  the  majority  of  other  methods.  The 
average  blood  iodine  of  18  normal  subjects  was  3.1,  with  extremes  of  2.5  and  3.7 
gamma  per  cent.  A  larger  series  of  normals  would  probably  extend  the  range 
somewhat,  \alues  from  nine  patients  in  the  acute  stage  of  hyperthyroidism 
averaged  10.5,  and  ranged  from  7.6  to  14.2  gamma  per  cent.  One  patient  with 
spontaneous  myxedema  had  a  level  of  1.6  gamma  per  cent  w'hile  another  patient 
with  long-standing  postoperative  myxedema  had  a  level  of  0.9  gamma  per  cent. 
Further  studies  are  in  progress. 

electrometric  titration  of  mcclendon.  Because  the  titration  of  iodine  in 
very  small  amounts  with  starch  as  an  indicator  involves  a  considerable  visual 
error  and  therefore  a  personal  equation  which  in  some  methods  introduces  a 
blank  of  25  per  cent,  the  author  prefers  the  electrometric  titration  method 
suggested  by  McClendon.3"  Any  laboratory  possessing  a  d’Arsonval  galvanom¬ 
eter  for  accurate  pH  determinations  can  construct  the  necessary  additional 
apparatus  at  a  cost  of  only  a  few  dollars. 

In  this  method  of  titration,  successive  increments  of  0.005  cc.  of  0.001  normal 

arcf  ",de<  t0  lhe  final  soIulion  of  free  iodine,  and  the  first  derivative 
of  the  slope  of  the  titration  curve  estimated  after  each  incremental  titer  When 
the  slope  of  the  titration  curve  is  maximal,  the  end-point  has  been  reached  In 
practice  the  readings  are  plotted,  and  the  precise  end-point  is  found  at  the  Deal; 
of  a  senes  of  readings  by  graphic  interpolation.  peak 

e  incremental  change  in  electromotive  force  is  measured  in  a  simple  cell. 
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consisting  of  a  medicine  dropper  equipped  with  two  platinum  wires,  inside  and 
outside.  Before  each  addition  of  thiosulfate,  a  sample  of  the  solution  is  drawn 
up  into  the  medicine  dropper.  Then  the  increment  of  thiosulfate  is  added  to  the 
main  solution,  which  is  thoroughly  stirred.  Thus  the  two  platinum  wires  record 
a  difference  in  electronic  pressure  or  activity  due  to  the  additional  reduction  of 
the  solution.  This  incremental  electromotive  force  is  impressed  upon  a  condenser 
of  i  or  2  microfarads’  capacity.  After  ten  seconds,  the  condenser  is  discharged 
through  the  galvanometer  by  operating  a  double-throw  switch.  Obviously,  the 
galvanometer  deflection  is  a  measure  of  the  incremental  electromotive  force. 
Only  relative  values  of  this  deflection  are  needed,  because  it  is  necessary  only  to 
know  the  point  of  maximum  deflection. 

With  a  little  ingenuity,  this  simple  apparatus  can  be  assembled  in  small  com¬ 
pass.  Under  ideal  conditions,  0.3  microgram  of  original  iodine  may  be  titrated 
within  an  error  of  5  per  cent.  The  following  routine  values  were  obtained  by 
Dr.  Thomas  S.  Sappington  and  the  author  in  repeated  titrations  of  a  standard 
solution  containing  0.424  microgram  of  iodine  in  the  aliquot  used:  0.44,  0.48,  0.46, 
0.44,  0.46,  0.50,  0.43,  and  0.39. 


Separation  of  “T”  and  “D”  Iodine 

As  stated  in  Chapter  III  of  this  volume,  the  iodine  bound  in  many  organic 
combinations  can  arbitrarily  be  separated  into  two  fractions,  i.e.,  “T”  iodine, 
like  thyroxine,  and  “D”  iodine,  like  diiodotyrosine.  The  resemblance  to  the 
prototype  compound  in  each  of  these  categories  is  based  on  solubility  and  not 
necessarily  on  biological  activity,  although  under  special  circumstances  these 
two  properties  may  run  hand  in  hand.  For  example,  in  normal  thyroid  sub¬ 
stance,  such  as  is  available  for  therapeutic  purposes,  the  work  of  Foster,  Palmer, 
and  Leland  170  indicates  that  the  “T”  iodine  may  be  a  better  index  of  potency 
than  the  “D”  fraction  when  the  drug  is  used  to  induce  hyperthyroidism  in  normal 
animals.  In  Chapter  V  are  reported  similar  data,  analyzed  by  Lerman  and  Salter 
in  the  treatment  of  a  human  patient  in  the  hyperthyroid  range.  Similarly,  Dr. 
Jytte  Muus  and  Dr.  Albert  H.  Coons,  working  in  the  author’s  laboratory,  have  ob¬ 
tained  data  which  suggest  that  in  the  progressive  iodination  of  serum  albumin  the 
increase  in  biological  activity  is  reflected  by  an  increase,  pari  passu,  in  the  “T” 
iodine.  In  the  latter  case,  however,  the  activity  is  many  times  less  than  one 
would  anticipate  were  the  “T”  fraction  truly  all  thyroxine.  With  these  limita¬ 
tions  in  mind,  however,  the  analysis  of  materials  for  “T  ’  iodine  frequenth 
affords  interesting  information. 

Of  the  various  procedures  available  for  this  separation,  three  have  been  well 
tested  ie  (/)  the  procedure  of  Harington  and  Randall,227  (2)  the  method  of 
Leland  and  Foster,315  and  (3)  the  modification  by  Blau.48  Recently  Kassell  and 
Brand  289  have  suggested  a  colorimetric  method  based  on  the  determination  of 
phenolic  groups  before  and  after  iodination.  This  last  procedure  is  very  con¬ 
venient  and  quite  accurate  for  restricted  conditions,  but  its  general  applicability 
in  a  variety  of  biological  products  having  thyroidal  potency  has  not  yet  been  tried 

The  choice  between  these  various  methods  is  somewhat  difficult  because  a 
involve  compensatory  errors.  The  method  of  Harington  and  Randall  is  the 
simplest,  but  it  tends  to  give  somewhat  too  high  results  for  T  iodine  beca 
a  certain  amount  of  the  “D”  fraction  remains  unhydrolyzed  and  precipitates 
along  with  the  “T.”  The  procedures  of  Leland  and  Foster  and  of  Blau 1  a 
better  hydrolysis,  but  they  suffer  from  the  disadvantage  that  prolonged  > 
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ana  inerciuic  ucuci  ^  #  .  « 

extended  into  the  micro  range,  which  is  a  definite  advantage. 


Determination  of  Thyroxine-like  Iodine  and  Diiodo tyrosine-like 
Iodine  according  to  Leland  and  Foster 

One  and  one-quarter  grams  of  desiccated  thyroid  are  hydrolyzed  for  eighteen 
hours  with  100  cc.  of  twice-normal  sodium  hydroxide  in  a  300  cc.  short-neck 
Kjeldahl  flask,  fitted  with  a  reflux  condenser  and  heated  by  a  micro  burner.  The 
use  of  a  potassium  thiocyanate  bath  is  recommended  to  prevent  breaking  of  the 
flask  due  to  overheating  during  the  prolonged  hydrolysis.  ^ 

The  following  extraction  procedure  is  used  to  obtain  separately  (/)  the  D 
fraction,  dissolved  in  aqueous  alkali,  and  (2)  the  “T  ’  fraction,  dissolved  in  butyl 


alcohol. 


After  cooling  to  room  temperature  the  hydrolysate  is  transferred  quantitatively 
to  a  250  cc.  separatory  funnel  and  shaken  gently  for  a  few  minutes  with  an  equal 
volume  (100  cc.)  of  butyl  alcohol,  previously  purified  by  distillation  from 
sodium  hydroxide.  Violent  shaking  results  in  the  formation  of  emulsions  which 
require  a  long  time  for  separation.  After  standing  for  one  hour  the  layers  are 
separated.  The  aqueous  layer  is  transferred  to  a  second  250  cc.  separatory  funnel 
and  shaken  a  second  time  with  100  cc.  of  butyl  alcohol.  After  standing  again, 
the  layers  are  separated,  and  the  first  and  second  butyl  alcohol  fractions  are 
filtered  successively  through  glass  wool  into  a  500  cc.  separatory  funnel.  The 
funnels  are  washed  with  5  cc.  portions  of  butyl  alcohol.  The  combined  butyl 
alcohol  fractions  are  shaken  with  an  equal  volume  (210  cc.)  of  normal  sodium 
hydroxide,  allowed  to  stand,  and  then  separated.  The  sodium  hydroxide  layer  is 
transferred  to  a  second  500  cc.  funnel,  shaken  with  one-half  its  volume  (100  cc.) 
of  butyl  alcohol,  allowed  to  stand,  and  separated.  The  butyl  alcohol  fractions  are 
transferred  quantitatively  to  a  500  cc.  flask  and  evaporated  under  reduced  pres¬ 
sure  to  a  small  volume.  The  residue  is  transferred  quantitatively  to  a  nickel 
dish  and  the  flask  washed  with  several  small  portions  of  butyl  alcohol.  Five 
cubic  centimeters  of  50  per  cent  sodium  hydroxide  are  added,  the  solution 
evaporated  on  a  hot  plate  until  the  butyl  alcohol  is  entirely  gone,  and  the  residue 
ashed  over  a  free  flame.  Care  should  be  taken  in  ashing  to  use  a  low  flame  and 
never  to  allow  the  dish  to  become  red  hot.  Ashing  is  considered  complete  when 
the  melt  has  changed  from  caramel  to  clear,  all  bubbling  has  ceased  and  the 
bottom  of  the  dish  has  become  coated  over  with  nickel  oxide.  Particles  of  carbon 
left  in  the  melt  need  not  be  completely  ashed,  since  they  do  not  interfere  with 
the  determination  of  iodine. 


After  cooling,  the  melt  is  dissolved  in  hot  water  and  filtered  while  hot  through 
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thiosulfate,  using  starch  as  an  indicator.  This  strength  of  thiosulfate  has  been 
found  to  be  stable  if  made  up  to  contain  5  cc.  of  normal  sodium  hydroxide 
per  liter. 

In  a  series  of  fifty-two  such  analyses,  the  mean  discrepancy  between  duplicates 
was  2  per  cent;  the  maximum  discrepancy  was  5.6  per  cent.  (Note:  This  descrip¬ 
tion  is  slightly  modified  from  J.  P.  Leland  and  G.  L.  Foster:  J.  Biol.  Chem.  95 : 
170-171.  1932.) 


Analysis  for  Plasma  Iodine:  Directions  for  Separating  “/,”  “P,” 

“T,”  and  “D”  Fractions 


To  exactly  30.0  cc.  of  0.02  normal  acetic  acid  in  a  graduated  50  cc.  centrifuge 
tube  add  10  cc.  of  plasma  drop  by  drop  with  continuous  stirring.  Heat  in  a  bath 
of  cold  water  which  is  brought  to  the  boiling  point  in  the  course  of  ten  minutes. 
Meantime  stir  the  diluted  plasma  continuously  to  prevent  the  formation  of  large 
curds.  Centrifuge  for  ten  minutes  at  2,000  revolutions  per  minute.  Remove  the 
clear  supernatant  liquid  as  cleanly  as  possible.  This  solution  contains  the  “I” 
(inorganic)  fraction,  which  may  be  estimated  with  due  allowance  for  aliquot 
samples.  The  protein  of  whole  blood  is  better  precipitated  with  zinc  sulfate 
and  alkali.  The  clear  supernatant  liquor  is  saved  for  analysis  of  “I”  iodine.  The 
method  of  Riggs  and  Man  is  recommended  for  this  purpose,  as  described  earlier. 

The  “P”  fraction  is  in  the  protein  coagulum,  which  first  must  be  washed  with 
0.02  normal  acetic  acid  (20  cc.  portions)  one  to  four  times,  depending  upon  the 
amount  of  the  contaminating  “I”  iodine.  Eventually  the  entire  protein  coagulum 
is  digested  in  the  acid  oxidizing  medium  preparatory  to  determination  of  its 


iodine  content. 

If,  however,  “T”  and  “D”  are  to  be  determined  instead  of  “P,”  the  protein 
coagulum  is  hydrolyzed  or  peptonized  and  the  iodine-containing  material  ex¬ 
tracted  four  to  six  times  with  10  to  15  cc.  of  n-butyl  alcohol  at  pH  1  (hydro¬ 
chloric  acid).  Alternatively  a  small  continuously  extracting  apparatus  may  be 
used.  The  combined  butyl  alcohol  extracts  now  contain  “T”  plus  “D”  fractions. 
By  extraction  three  times  with  aqueous  one  molal  potassium  carbonate  solution, 
the  “D”  fraction  is  removed  from  the  butyl  alcohol,  which  thus  contains  only 
the  “T”  fraction.  The  aqueous  “D”  fraction  is  then  analyzed  for  total  iodine  by 
one  of  the  methods  outlined  previously,  preferably  by  that  of  Riggs  and  Man. 
The  “T”  fraction  is  first  freed  of  the  butyl  alcohol  by  evaporation  in  vacuo  in  a 
boiling  water  bath.  The  residue  is  taken  up  in  dilute  aqueous  carbonate  and  then 

analyzed  for  total  iodine.  .  „  T 

Obviously  the  total  iodine  of  the  plasma  equals  fractions  1  plus  P.  like¬ 
wise  fraction  “P  equals  fractions  T  plus  D. 

This  procedure  is  a  modification  of  “The  Microdetermination  of  Thyroxine  in 
the  Thyroid  Gland  of  the  New-born,”  described  by  W.  W.  Palmer,  J.  P.  Leland, 

and  A.  B.  Gutman. 


Assay  of  Thyrotropic  Hormone  450 

Until  recently,  most  of  the  biological  methods  for  assay  of  thyrotropic  hormone 
depended  upon  histological  examination  of  the  thyroid  glands  of  animals  previ¬ 
ously  treated  with  urine,  blood,  or  tissue  extracts  in  known  dosage  The  intact 
adult  guTnea  Pig  has  been  used  frequently  and  will  tolerate  the  injection  of 
enough ^rude  urine,  as  Aron'*  showed,  to  yield  a  qualitative  resulk  Herts  and 
Oastler  “  found  the  hypophysectomized  rat  more  sensitive  and  reliable, 


APPENDIX  2§7 

with  this  rather  laborious  technique  the  results  were  only  qualitative  and  showed 
no  definite  effect  from  normal  urine.  In  recent  years,  however,  Starr  and 
Rawson 618  have  applied  a  microhistometric  technique  which  yields  a  quantitative 
result  which  may  be  expressed  in  terms  of  standard  units,  as  shown  in.  Fig.  40. 
Furthermore,  normal  urine  produced  a  measurable  effect.  This  technique  has 
been  adapted  by  Dr.  Rulon  W.  Rawson  and  the  author  to  young  chicks,  which 
are  cheaper  and  readily  obtained  from  large  poultry  hatcheries.  Other  investi¬ 
gators,  e.g.,  Smelser,511  and  Bergman  and  Turner/3  have  attempted  to  use  merely 
the  increased  weight  of  chick  thyroids  as  an  index  of  thyrotropic  effect,  but  in 
the  experience  of  the  author's  laboratory,  after  a  painstaking  microdissection,  the 
results  were  disappointing.  On  the  other  hand,  day-old  chicks  are  convenient 
material  for  these  observations,  and  the  sensitivity  of  the  method  can  be  increased 


Fig.  40.  Nomogram  illustrating  the  relationship  between  average  mean  cell  heights 
of  groups  of  animals  and  the  increasing  doses  of  thyrotropic  hormone  administered  to 
each  group. 

From:  P.  Starr  et  al.,  West.  J.  Surg.  47:  68.  1939. 


considerably  if,  instead  of  gross  weight,  microhistometric  measurements  of 
thyroid  cells  are  substituted.  Indeed,  by  this  expedient  the  method  becomes 
readily  applicable  to  the  estimation  of  the  minute  concentrations  of  hormone 
found  m  normal  human  urine.  Eventually,  when  the  follicular  cells  have  approxi¬ 
mately  doubled  in  height,  the  cell  height  index  usually  has  reached  a  ceilin- 
above  which  larger  doses  produced  no  obvious  hypertrophy.  This  phenomenon 

Indchicks°US^ iy  been  described  for  the  guinea  pig  thyroid  by  Starr,  Rawson,  et  al.B30 
n  clucks,  as  described  below,  this  threshold  value  was  attained  near  a  daily 
osage  of  one  Junkmann-Schoeller  -0I)  unit,  repeated  for  five  days.  Up  to  one-half 

hypertrophy^06  61  ^  ^  WaS  a  Stea<*  Passion  in  measurable 

Of  course,  the  absolute  values  for  cell  height  vary  with  the  fixation  torbmW 
he  species  and  age  of  chick  and  other  circumstances,  t  s  desirable  th erefore 
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preparation  of  known  potency,  unknown  materials  may  be  assayed  similarly  and 
the  results  expressed  in  units. 

The  normal  urine  of  young  adults,  when  tested  by  this  method,  contains 
approximately  one-eighth  Junkmann-Schoeller  unit  per  ioo  cc.,  or  nearly  two 
J unkmann-Schoeller  units  per  day.  After  thyroidectomy  has  been  performed, 
several  times  this  amount  may  be  found  in  human  urine.  Likewise,  in  incipient 
hypothyroidism  an  increase  may  often  be  demonstrated,  and  in  partially  relieved 
myxedema  the  same  may  be  true. 

The  young-chick  method  has  the  disadvantage  of  not  being  so  specific  as 
assay  with  the  hypophysectomized  rat.  It  is  more  practicable,  nevertheless,  and 
gives  a  numerical  answer.  The  lack  of  specificity  may  be  compensated  for  some¬ 
what  by  a  preliminary  partial  purification  of  the  material,  e.g.,  urine.  Such  a 
procedure  has  been  undertaken  by  Rawson,  and  developed  further  by  Coons  in 
the  author’s  laboratory. 

The  adaptation  of  Rawson  and  the  author  follows: 

Method.  Day-old  chicks  weighing  from  35  to  40  grams  were  used  as  test 
animals.  No  attempt  was  made  to  separate  them  according  to  sex.  The  animals 
were  kept  in  a  brooder  at  a  constant  temperature  of  95 °F.  and  maintained  on  a 
diet  of  commercial  chick  starter  mash,  containing  under  0.01  per  cent  iodine. 

The  chicks  were  labeled  and  injected  daily  for  five  days  with  thyrotropic 
hormone  in  the  following  doses:  one-eighth  Junkmann-Schoeller  unit,  one-quarter 
Junkmann-Schoeller  unit,  one-half  Junkmann-Schoeller  unit,  and  one  Junkmann- 
Schoeller  unit.  On  the  sixth  day  the  animals  were  autopsied  and  the  thyroids 
removed  and  fixed  in  Zenker’s  solution.  Later  work  indicated  that  a  shorter 
period  of  fixing  (at  least  two  hours)  may  be  adequate  and  produces  less  shrink¬ 
age,  because  the  small  diameter  of  the  chick  thyroid  (e.g.,  3  mm.)  allows  rapid 
penetration  of  the  fixative.  Recently,  at  the  suggestion  of  Doctors  Allan  Graffiin 
and  H.  L.  Weatherford  of  the  Department  of  Anatomy  of  the  Harvard  Medical 
School,  10  per  cent  formalin  has  been  used  as  a  fixative  with  less  shrinkage  and 
with  more  satisfactory  sections  in  consequence. 

Paraffin  sections  were  made  and  stained  with  hematoxylin  and  eosin.  The 
histological  preparations  were  then  studied  under  oil  immersion.  The  gland  was 
crossed  diametrically  and  recrossed  until  one  hundred  successive  clearly  deline¬ 
ated  acini  had  been  observed.  From  each  of  these  acini  a  representative  cell  was 
chosen  and  its  height  measured  with  a  Leitz  echelon  micrometer.  No  cell  should 
be  measured  unless  its  limits  are  clearly  visible.  From  the  observed  measurements 
made  on  each  gland  a  frequency  curve  was  plotted  as  shown  in  Fig.  16,  and  its 

mean  and  standard  deviation  determined. 

Results.  This  method  has  been  tested  repeatedly  in  assays  involving  several 
hundred  animals  in  two  laboratories.  In  order  to  conserve  space,  however,  merely 
a  single  typical  assay  is  reported  here.  This  was  performed  with  a  pedigreed 
Armour’s  preparation  of  pituitary  thyrotropic  hormone  of  known  concentration 
in  order  to  obtain  a  standard  nomogram  for  reference.  Five  groups  of  animals 
were  used,  each  group  representing  a  given  amount  of  the  hormone.  In  this  way 
a  representative  frequency  curve  could  be  plotted  for  a  single  representative  0 
each  of  three  groups.  Of  course,  each  investigator  should  work  out  such  a  nomo¬ 
gram  in  order  to  standardize  his  entire  technical  procedure. 

(z)  For  the  zero  point,  the  thyroids  of  eight  control  animals  were  studied. 
They  were  found  to  have  a  comparatively  flat  epithelium  of  uniform  heigh- 
The  mean  acinar  cell  heights  of  these  glands  varied  between  2.4  and  2.51,  with 
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an  average  of  2.46  micra.  The  spread  of  the  curves  was  small,  with  a  standard 

deviation  which  varied  between  0.42  and  0.49. 

(2)  Eight  animals  were  treated  on  five  successive  days  with  a  dose  of  thyro¬ 
tropic  hormone  equivalent  to  one-eighth  of  a  Junkmann-Schoeller  unit  daily. 
Their  thyroids  responded  with  the  slightest  possible  measurable  hypertrophy. 
The  mean  acinar  cell  heights  of  these  glands  varied  between  2.98  and  3-°9  micra. 
There  was  a  very  slight  increase  in  the  spread  of  the  frequency  curves,  with 
the  standard  deviation  varying  between  0.42  and  0.56. 

(3)  A  daily  dose  equivalent  to  one-quarter  of  a  Junkmann-Schoeller  unit  was 
given  daily  to  ten  chicks.  The  response  was  that  of  a  greater  hypertrophy  than 
was  observed  in  the  previous  group.  The  mean  acinar  cell  height  varied  between 
3.59  and  3.66  micra.  The  standard  deviation  varied  between  0.47  and  0.61. 

(4)  The  equivalent  of  one-half  a  Junkmann-Schoeller  unit,  when  given  in 
daily  doses  for  five  days,  caused  further  hypertrophy.  The  incremental  response 
at  this  dosage,  however,  was  not  so  marked  as  with  the  previous  doses.  In  other 
words,  the  response  approaches  a  “ceiling”  at  this  dose.  The  mean  acinar  cell 


TABLE  45 

Response  of  Acinar  Cell  Height  to  Increasing  Dosage 
of  Thyrotropic  Hormone 


Daily  dose 

No.  of 
animals 

Average 
mean  cell 
height 
(m  ) 

Average 

standard 

deviation 

Controls  . 

.  8 

2.46 

0-45 

Ms  Junkmann-Schoeller  unit  . 

.  8 

3  03 

O.49 

Junkmann-Schoeller  unit  . 

.  10 

3.62 

O.52 

Yi  Junkmann-Schoeller  unit  . 

.  8 

3-88 

0.70 

1  Junkmann-Schoeller  unit  . 

9 

4.18 

0-53 

height  in  this  group  of  eight  animals  varied  between  3.78  and  3.96  micra,  with 
an  average  of  3-88  micra.  The  standard  deviation  was  greater,  however,  varying 
between  0.58  and  1.19. 

(5)  Nine  animals  were  treated  with  one  Junkmann-Schoeller  unit  daily  for 
five  days,  and  responded  with  a  measured  mean  acinar  cell  height  which  varied 
between  4.12  and  4.23  micra,  with  an  average  of  4.18  micra.  The  standard 
deviation  of  these  curves  varied  between  0.45  and  0.67.  Beyond  this  dosage,  the 

sensitivity  of  the  method  diminishes  considerably,  so  that  assays  outside  of  this 
range  are  not  very  reliable. 

The  increasing  rise  in  acinar  cell  height  is  demonstrated  in  Table  45.  It  should 

be  emphasized  again  that  the  absolute  values  obtained  will  doubtless  vary  from 
laboratory  to  laboratory.  y 

The  advantages  of  the  above  procedure  are  that  (x)  on  readily  available 
biological  material  (2)  techniques  which  have  already  been  tested  thoroughly  are 
combined  (3)  to  give  such  high  sensitivity  that  ( 4 )  a  numerical  evaluation  of 
thyrotropic  activity  can  be  had  for  (5)  concentrations  of  thyrotropic  hormone 

?  1  bTated  iTd  "  hUman  Udne-  F-th-more,  the  method  can  eas^  be 
calibrated  against  known  standard  material  by  each  investiVotnr  ft,  I  u- 

results  are  readily  interpretable  elsewhere.  (Cf.  Abel’s  clinical  data,  1940!)  “ 
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ENDOCRINE  FUNCTION  OF  IODINE 


Some  Properties  of  Iodine 

A  few  properties  of  iodine  are  of  especial  interest  in  connection  with  physiologi¬ 
cal  studies  and  are  therefore  enumerated. 

The  free  halogen,  I2,  has  a  molecular  weight  of  253.84.  It  sublimes,  and  its 
volatility  may  interfere  with  its  determination.  It  reacts  with  unsaturated 
aliphatic  compounds  and  with  aromatic  compounds,  notably  tyrosine,  in  which 
it  displaces  hydrogens  in  the  ortho  position  to  the  hydroxyl  group.  It  is  a  strong 
oxidizing  agent;  indeed,  the  E0  value  for  the  equilibrium,  [I]  ^±I~,  is  numerically 
very  high.  More  specifically,  when 

H2  =  2  H+  -f-  2  E“  and  E0  =  0.000 
then  for  2  1“  =  I2  +  2  E~  the  En  =  “0.535  • 

One  suspects  that  this  property  will  some  day  be  found  to  be  related  to  the 
metabolic  effects  of  the  thyroid  hormone. 

The  free  element  reacts  with  starch  to  give  the  characteristic  starch-iodide 
purple  color,  and  with  dextrins  to  give  reddish-brown  erythrodextrins. 

In  analytical  procedures  the  dissolved  iodide  ion  or  the  free  element  is 
oxidized  by  free  bromine  to  iodate. 

(j)  i-_»io3- 

or  2  1“  +  6  Br2  +  6  H20  =  2  I03“  +  12  Br~  +  12  H+ 

(2)  I2  +  5  Br2  +  6  H20  =  2  HIOs  +  10  HBr 

If  the  unknown  iodate  to  be  determined  is  then  treated  with  iodide,  more  free 
iodine  is  liberated,  thus  increasing  the  sensitivity  of  the  titration: 

(3)  HIOs  +  5  HC1  +  5  KI  =  3  I2  +  5  KC1  +  3  H20 

Final  titration  is  often  made  with  thiosulfate: 

(4)  2  S203=  +  U  =  S408=  +  2  I- 

Accordingly,  1  cc.  of  0.005  normal  thiosulfate  is  equivalent  to  0.106  mg.  of  the 
original  iodine. 

Iodides  of  strong  alkalies  are  exceeding  soluble  in  water,  and  those  of  the 
alkaline  earths  are  rather  soluble.  In  physiological  media,  the  iodide  ion  diffuses 
rapidly  and  apparently  penetrates  all  cell  membranes  known  thus  far. 

It  is  not  known  definitely  that  the  chemical  steps  in  the  Groak  method  are 
simple  reactions.  Nevertheless,  the  following  equations  give  an  approximation 
of  the  general  procedure. 

(/)  2  KMnCh  +  KI  +  H20^±KIOs  +  2  Mn02  +  2  KOH 

(2)  2  Mn02  +  2  HN02  +  H2S04  Mn(S04)  +  Mn(N03)2  +  2  H20 

(j)  CO(NH2)2  +  2  HN02  ->  C02  +  2  N2  +  3  h2o 


Constants  and  Factors 

Iodine :  Atomic  weight  126.9,  molecular  weight  (I.)  253.8. 

Potassium  Iodide  (KI) :  Molecular  weight  166.0.  iodine  content  76.5  per  cen 
Potassium  Iodate  (KIOs) :  Molecular  weight  214.0,  iodine  content  59-3  per  • 
Tyrosine  (HOC8H4CH2CH(NH2)COOH) :  Molecular  weight  181.1. 
3:5-Diiodotyrosine  (HOC8H2I2CH2CH(NH2)COOH) :  Molecular  weight  432.9, 

iodine  content  58.6  per  cent  CH  CH/NH  )C00H) :  Molecular  weight  273.1. 

:  Molecular  wei6h, 

525.0,  iodine  content  48.3  per  cent. 
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Thyroxine  (HOC.H!I,OCAI,CHJCH(NH1)COOH) :  Molecular  weight  776.8, 
iodine  content  65.4  per  cent. 

1 odimetry ,  V  olumetric  Equivalents 

Sodium  Thiosulfate :  One  liter  of  N/10  solution  contains  24.85  grams  when 
properly  standardized  against  an  appropriate  oxidant,  e.g.,  potassium  iodate. 
One  cubic  centimeter  of  N/200  solution  is  equivalent  to  0.635  mg.  of  final  iodine, 
but  represents  0.106  mg.  of  original  iodine  as  liberated  from  iodate  in  the  pres¬ 
ence  of  potassium  iodide.  One  cubic  centimeter  of  N/1000  solution  is  equivalent 
to  127  micrograms  of  final  iodine,  but  represents  21.2  micrograms  of  original 
iodine  as  liberated  from  iodate  in  the  presence  of  potassium  iodide. 

Potassium  Iodate :  One  liter  of  N/10  solution  contains  3.567  grams.  One  cubic 
centimeter  of  N/i 0,000  solution  contains  2.1 15  micrograms  of  iodine. 

Iodine ,  N/10  Solution :  One  liter  contains  12.692  grams  of  elementary  iodine, 
first  dissolved  in  a  solution  containing  36  grams  (i.e.,  24  or  more)  of  potassium 
iodide  in  100  cc.  of  distilled  water,  and  subsequently  diluted  to  exactly  1000  cc. 

Solutions  of  Iodine  (U.  S.  P.  XI) 

Compound  Solution  of  Iodine ,  Liquor  Iodi  Compositus  (Liq.  Iodi  Co.), 
“Lugol’s  Solution”:  This  contains  in  each  100  cc.  not  less  than  4.5  grams  and  not 
more  than  5.5  grams  of  elementary  iodine;  and  not  less  than  9.5  grams  and  not 
more  than  10.5  grams  of  potassium  iodide. 

On  the  basis  of  5.0  per  cent  elementary  iodine  and  10.0  per  cent  potassium 
iodide,  1  cc.  of  this  solution  contains  approximately  50.0  mg.  of  elementary  iodine 
and  126.5  mg.  total  iodine. 

Tincture  of  Iodine,  Tinctura  Iodi  (Tr.  Iodi) :  An  aqueous-alcoholic  solution 
of  iodine  and  potassium  iodide  containing  in  each  100  cc.  not  less  than  6.5  grams 
and  not  more  than  7.5  grams  of  elementary  iodine;  and  not  less  than  4.5  grams 
and  not  more  than  5.5  grams  of  potassium  iodide.  The  solvent  contains  50  cc. 
of  distilled  water  in  which  the  potassium  iodide  is  dissolved  first,  followed  by 
the  iodine,  before  addition  of  the  alcohol  to  volume. 

On  the  basis  of  7.0  per  cent  of  elementary  iodine  and  5.0  per  cent  potassium 
iodide,  1  cc.  of  this  tincture  contains  70.0  mg.  of  elementary  iodine  and  108.2 
mg.  of  total  iodine. 
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Calorigenic  activity  vs.  metamorphosis, 
112 

Campen,  goiter  rate  of,  188;  iodine  in 
water,  189 

Cancer,  prevention  by  thyrotropic  hor¬ 
mone,  156;  production  by  theelin,  157 
Of  thyroid,  protein  in,  13 ;  iodine  in, 
223,  229,  230 

Cardio-accelerating  effect  of  thyroid  prep¬ 
arations,  1 14, 1 16 

Carotene,  and  thyroid  activity,  190 
Carotid  plexus,  165 
Carpathians,  goiter  in,  191 
Casein,  iodinated,  7,  51,  52,  61,  no;  in 
human  myxedema,  18 
Castration,  relation  to  hyperthyroidism, 
hypothyroidism,  159 
“Castration  phenomenon,”  145 
Cerebellum,  iodine  content  of,  177,  178 
Cerebrospinal  fluid,  after  administration 
of  iodide,  67;  iodine  in,  67,  219 
Cervical  sympathetic  nerves  to  pituitary, 
163,  169 

Chichibu,  goiter  in,  189 
Chloride,  in  lymph,  68,  70 
Cholecystography,  66,  205 
Choline,  effect  on  blood  iodine,  179 
Circle  of  Willis,  173 
Cleveland,  goiter  prophylaxis  in,  192 
Clinical  metabolic  iodine  studies,  181,  194- 
200;  problems,  237 

Colloid,  “inactive,”  8;  in  exophthalmic 
goiter,  25,  120.  See  also  Thyroid  gland 
(colloid) 

Colloid  goiter,  effect  of  iodide  adminis¬ 
tration,  222;  iodine  in,  210,  211,  229- 
232;  metabolism  of  radioactive  iodine, 
227;  thyroglobulin  in,  42 
Colon,  iodine  in,  21 
Colostrum,  iodine  in,  70 
“Concentration  coefficient,”  for  thyroid 
iodine,  220,  221 
“Corals,”  see  Sea  fans 
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Cortical  alpha-rhythm,  161 
Cretinism,  188;  blood  iodine  fractions,  83, 
86,  239;  labeled  iodine  in  thyroid,  232. 
See  also  Hypothyroidism 
Cretinoid  mothers,  13 

Cyanide,  191;  methyl,  production  of 
goiter,  223,  226 

Cyclotron,  in  biological  studies,  236;  pro¬ 
duction  of  element  85,  234;  production 
of  radioactive  iodine,  215,  218 
Cystic  fluid,  70 

“D”  iodine  fraction,  6;  in  iodoprotein,  57; 
in  thyroid,  17,  25;  in  thyroid  protein, 
29;  in  tissues,  18 
Dermatitis,  iodism  of,  201 
Desiccated  thyroid,  see  Thyroid  prepara¬ 
tions 

Deuteron,  production  of  radioactive  io¬ 
dine,  215 

Diabetes,  see  Pancreas 
Diabetes  insipidus,  after  brain  injury,  172, 
174;  anatomical  mechanism  of,  164; 
urinary  iodine  in,  172 
Diarrhea,  and  fecal  iodine,  193,  202  ;  “thy¬ 
roidal  diarrhea,”  130 
Dibromthyronine,  112 
Dibromtyrosine,  112 
Dichlordiiodothyronine,  112 
Diencephalon,  and  endocrine  balance,  125. 

See  also  Hypothalamus 
Difluortyrosine,  112 
Digitalis,  179 
Diiodohistidine,  55 
Diiodo-l-tyrosine,  4 

Diiodothyronine,  59,  no,  1 1 2 ;  in  thyroid 
gland,  7;  iodine  content  of,  290;  molec¬ 
ular  weight  of,  290 

Diiodotyrosine,  6,  7 ;  action  of  trypsin  on, 
184;  assimilation  by  mouth,  183;  and 
bacteria,  184;  calorigenic  potency,  1x2; 
conversion  to  3,5,  diiodo-4  hydroxy- 
phenyl  lactic  acid,  183;  conversion  to 
iodide,  in  saliva,  183;  derivatives  of, 
1 15;  and  digestive  enzymes,  183;  dis¬ 
sociation  of  hydroxyl  group,  28,  47; 
effect  in  exophthalmic  goiter,  112;  in 
bile,  intestine,  184;  in  feces,  183,  201, 
203;  in  intestine,  7;  in  urine,  183,  201; 
inhibition  of  thyrotropic  hormone,  112; 
iodine  content  of,  51,  290;  Kendall- 


Osterberg  reaction,  S3,  183;  levorota- 
tory,  183;  excretion  by  liver,  203-205; 
metabolism  of,  202—205 ;  molecular 
weight  of,  290;  peptide  of,  n5>  Pre_ 
cursor  of  thyroxine,  112;  properties  of, 
51;  racemic,  183;  storage  of,  23;  sub¬ 
cutaneous  administration  of,  183,  184 
Diiodotyrosyl-thyroxine,  115 
Diodrast,  64,  65 

Echinus  esculentus,  eggs  of,  22;  ovaries  of, 
150;  total  iodine  and  “T”  iodine  of 
ovary,  150 

Effingen,  goiter  rate  of,  188,  189;  iodine 
in  soil  and  water,  188,  189 
Egg  albumin,  iodinated,  55 ;  combination 
with  bromine  and  iodine,  27 
Egg  laying,  and  gonadotropic  hormone, 
175;  and  thyroid,  157 
Eight-day  iodine,  213-216,  220,  227 
Eka-iodine,  see  Element  85 
Electrodialyzable  iodine,  7 
Electro-encephalogram,  and  thyroid,  161 
Electrolytes  and  water,  distribution  be¬ 
tween  cells  and  colloid,  n 
Electrometer,  DuBridge  vacuum  tube,  218 
Electron,  emission  of,  214 
Electroscope,  Lauritsen  quartz  fiber, 
217 

Element  85,  in  blood,  urine  and  feces,  235; 
in  thyroid  hyperplasia,  234;  in  thyro¬ 
toxic  gland,  235,  236;  in  tissues,  235; 
preparation  from  bismuth,  234;  trap¬ 
ping  by  thyroid  gland,  234-236 
Emotion,  and  hypothalamus,  163 
Endemic  goiter,  etiology  of,  123,  131,  147, 
188,  191,  192 
“Endocretion,”  106,  120 
Endocrine  balance,  125,  145;  and  hypo- 
physectomy,  126 

Endocrine  glands,  and  iodine  balance,  141 ; 
iodine  in,  6 

Endocrine  imbalance,  and  hypothalamus, 
172;  thyroid  medication  in,  252 
Enzymes,  and  thyroid,  161;  effect  on 
thyroglobulin,  12;  proteolytic,  12,  27 
Ephediine,  effect  on  thyroid  circulation, 
168 

Epilepsy,  effect  of  iodide,  162 

Epiphysis,  iodine  in,  21 

Erepsin,  digestion  of  thyroglobulin,  30 
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Erythrocytes,  iodide  in,  68,  255;  “P”  io¬ 
dine  in,  76,  96;  total  iodine  in,  72 
“Escape”  from  iodine,  120,  255,  256 
Estrus,  effect  on  thyroid  iodine,  155 
Ethyl  iodide,  inhalation  of,  100 
Evolution  of  thyroid,  8;  of  thyroxine, 
7,  8 

Excitement,  and  blood  iodine,  242 ;  and 
iodine  excretion,  194 

Exercise,  and  iodine  excretion,  194;  and 
iodine  requirement,  188 
Exophthalmic  goiter,  118;  and  adrenal 
cortex,  142 ;  circulating  hormone,  77, 
80,  86,  92,  95,  120,  258;  diiodotyrosine 
in,  122;  diiodotyrosine  vs.  iodine,  122; 
logarithmic  fall  in  metabolism,  108,  120; 
hormonal  activity  in,  165;  in  boys,  girls, 
147;  neural  activity,  160,  165;  relative 
iodine  lack,  12,  96,  208;  and  sex,  147; 
thyroid  block  in,  120;  thyroglobulin 
in,  42,  61;  thyrotropic  hormone,  129, 
131)  i39»  140 

Iodine  therapy  in,  119,  256,  264; 
effect  of,  120,  121,  226,  231,  256,  267 
Exophthalmos,  after  Langley  operation, 
167;  after  thyrotropic  hormone,  127; 
malignant,  orbital  decompression  in,  260 
Extracellular  fluids,  chloride,  iodide,  thio¬ 
cyanate  in,  69 

Fats,  unsaturated,  and  goiter,  190;  lipoi- 
dal  iodine  in  blood,  74 ;  lipoidal  iodine 
in  thyroid,  24,  101 

Feces,  diiodotyrosine  in,  203;  iodine  con¬ 
tent  of,  151,  187,  188,  193  (from  bile), 
194;  thyroxine  in,  184,  193,  203.  See 
also  Iodine,  excretion 
Fetal  thyroid,  iodine  therapy,  13 ;  human, 
14;  hyperplasia  of,  14,  191;  of  pig, 
sheep,  14.  See  also  Newborn 
Fever,  and  iodine  excretion,  194 
Fingernails,  iodine  in,  21 
Fluorine,  192;  and  iodine  metabolism,  191 
Follicular  cells,  see  Thyroid  gland 
Food,  iodine  in,  n,  185-189 
Four-day  iodine,  214 
France,  iodine  in  soil,  189 

Gall  bladder,  iodine  in,  205 ;  function  test, 
66 

Gamma,  see  Microgram 


Gamma-ray,  emission  from  8-day  iodine, 
218,  233 

Ganglion  nodosum,  165 
Geiger-Muller  counter,  214,  219;  accuracy 
of,  218 

Globin,  iodination  of,  28,  49 
Goiter,  123;  colloid  of,  12,  42;  due  to 
faulty  intestinal  absorption,  190;  in 
boys,  girls,  147,  192;  in  lactation,  191; 
in  menopause,  191;  in  mountains,  189; 
in  North  America,  251 ;  in  pregnancy, 
191 ;  in  puberty,  191 ;  iodine  in,  12,  123 ; 
iodine  supply  in  food,  water,  n,  188; 
iodine  therapy,  12,  253;  metabolism  of 
radioactive  iodine,  2 21-231;  prophy¬ 
laxis  of,  147,  253 ;  size  of  thyroid  follicle, 
251.  See  also  Colloid  goiter;  Exophthal¬ 
mic  goiter;  Hyperthyroidism;  Lympha- 
denomatous  goiter;  Nodular  goiter; 
Simple  goiter;  Struma  lymphomatosa 
Goitrogenic  diet,  191,  226 
Gonadotropic  hormone,  128,  145,  154,  158, 
i74 

Gonads,  and  adrenal  cortex,  3,  156 
Graves’  disease,  content  of  medulla  ob¬ 
longata  in,  180;  endocrine  effects  of, 
160;  exophthalmos,  238,  260;  hypo¬ 
thalamic  narcosis,  174,  176;  and  hypo¬ 
thalamus,  174;  nervous  phenomena, 
160,  194,  237,  238,  250;  neuro-endo- 
crine  relationships,  160,  1 71 ;  pituitary- 
thyroid  action,  144,  160;  pulse  rate,  238, 
264;  reaction  to  temperature,  238; 
weight  loss,  238;  without  hyperthy¬ 
roidism,  85,  96,  237,  250;  without  pal¬ 
pable  goiter,  245.  See  also  Exophthal¬ 
mic  goiter 

Groak  methods,  271;  procedure  I,  273; 
procedure  II,  275 

Growth,  iodine  requirement  for,  186 
Gumma,  iodine  therapy,  268 

Hair,  iodine  in,  21 
Hairless  pigs,  13 
Heart,  iodine  in,  21 

Heart  disease,  arteriosclerotic,  blood  iodine 
in,  242,  245;  hypertensive,  87,  242 
Heart  muscle,  iodine  content  of,  151 
Heat  regulation,  and  exophthalmic  goiter, 
174;  and  posterior  hypothalamus,  I74J 
and  supra-optic  nucleus,  164 
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Helium  ion,  production  of  radioactive  io¬ 
dine,  215 

Hetero-albumose,  iodination  of,  S3 
Hibernation,  effect  on  thyroid  gland,  103 
Hippuran,  64,  65 
Histidine,  iodination  of,  28,  50 
Homothyroxine,  18,  61,  114 
“Hormone”  iodine,  73,  77 
Hormones,  see  Thyroid  hormone;  Thyro¬ 
tropic  hormone 

Hornussen,  goiter  rate,  iodine  in  soil,  189 
Hunter-Kendall  estimation  of  iodine,  271 
Hydrogen,  heavy,  213 
Hydroxy-thyroxine,  115 
Hyperactive  thyroid,  see  Hyperthyroidism 
Hyperplastic  thyroid  tissue,  8;  fluid  and 
electrolyte  in,  127 

Hypertension,  iodine  quotient  in,  87 
Hyperthyroidism,  amenorrhea  in,  157;  and 
adrenal  cortex,  142 ;  blood  fractions, 
“P,”  “T,”  “I,”  74,  76,  80,  84,  86,  96,  239. 
240;  blood  iodine  in,  78,  86,  95,  248, 
259;  blood  iodine  quotient  in,  88;  case 
of  recurrent,  244,  251,  259;  circulating 
hormone  in,  108,  120;  cortical  alpha- 
rhythm  in,  161;  “D”  fraction  in  thy¬ 
roid,  17,  25,  120;  deposition  of  colloid, 
120;  trapping  of  diiodotyrosine,  122; 
effect  of  iodine  therapy,  17,  77,  120,  121, 
256;  effect  of  menstruation,  208;  effect 
of  pregnancy  urine,  158;  effect  of 
theelin,  158;  fecal  iodine,  187,  198,  240; 
and  goiter,  17,  119;  without  goiter,  245, 
259,  260;  inorganic  iodide  in  blood,  17, 
74,  77,  258;  inorganic  iodide  in  thy¬ 
roid,  120;  iodine  in  gland,  17,  118; 
iodine  metabolism  in,  200;  iodine  re¬ 
quirement  in,  187,  198;  liver  disease 
in,  210;  logarithmic  fall  in  metabolism, 
108,  120;  peristalsis  in,  161;  polarity  of 
cells,  121;  reaction  time  in,  161 ;  syn¬ 
thesis  of  thyroxine,  25,  63,  120;  “T” 
fraction,  17,  120;  and  thymus,  144; 
thyroid  block  in,  120,  255;  total  thyroid 
iodine,  120,  210;  urinary  iodine,  198, 
210,  2 1 1,  240;  vasomotor  nerves  in,  161 ; 
and  vitamins,  103,  190,  191 
Iodide  therapy  in,  17,  120,  122,  229- 
232>  2 53 »  258;  diagnostic  therapeutic 
test,  253,  259,  263,  264 
Iodine  stores  in,  118;  bio-assay  of, 


1 19;  colloid  reserves  in,  118;  “D”  frac¬ 
tion,  17,  1 19;  distribution  of  iodine,  cells 
vs.  colloid,  10,  1 1 9  >  cffect  of  clinical  ex¬ 
acerbation  and  remission,  119;  effect  of 
hyperplasia,  119;  effect  of  iodine  ther¬ 
apy,  17,  1 19;  Graves’  disease,  118;  “T” 
fraction,  17,  119;  thyroid  protein  in, 
44,  1 18;  thyroidal  “diarrhea,”  90,  118; 
toxic  nodular  goiter,  118,  229-232,  251, 
267 

X-ray  therapy  in,  91,  261;  blood  io¬ 
dine  after,  262  ;  thyroid  storm  after,  261 
Hypoderm,  iodine  in,  21 
Hypophysectomy,  effects  of,  126,  158,  168, 
177 

Hypophysial  hegemony,  3 
Hypophysis,  see  Pituitary 
Hypothalamico-hypophysial  nerve  tracts, 
lesion  of,  170,  172,  176;  site  of,  163 
Hypothalamus,  after  anterior  pituitary 
injection,  177;  and  gonadotropic  hor¬ 
mone,  175;  anesthesia  of,  174,  176; 
damage  of,  172,  176;  iodine  in,  20,  138, 
176;  and  pituitary-thyrotropic  axis,  171, 
176;  supraoptico-hypophysial  tract,  164, 
172;  and  sympathetic  nervous  system, 
163,  164,  1 7 1 ;  and  water  balance,  172 
Hypothyroidism,  after  hypophysectomy, 
126;  blood  iodine  fractions,  76,  83,  86, 
239,  248;  cases  of,  246;  cortical  alpha- 
rhythm,  161;  cretinism,  13,  113,  118, 
188;  myxedema,  18,  60,  118,  207,  247; 
peristalsis  in,  161 ;  reaction  time  in,  161 ; 
relief  by  iodinated  proteins,  113;  thy¬ 
roid  parenchyma  in,  118;  thyrotropic 
hormone,  in  blood  and  urine,  133 ;  vaso¬ 
motor  nerves  in,  161.  See  also  Myxe¬ 
dema  ;  Cretinism 

Hunzenschwil,  goiter  rate  of,  188,  189; 
iodine  in  soil,  189;  iodine  in  water,  188 

I"*,  215,  216,  220 
I”1,  213-216,  220,  227 
Imidazole  group,  iodination  of,  28 
Immunity,  57;  to  iodoprotein,  57;  to  thy- 
roglobulin,  75,  99,  129;  to  thyrotropic 
hormone,  93,  129 

Infections,  and  iodine  deficiency,  191,  194, 
2S4 

Insulin,  143;  effect  after  pituitary  stalk 
section,  173 
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Intestine,  absorption  of  iodine  compounds 
by,  182-185,  190;  enzymes  of,  effect  on 
thyroglobulin,  185;  iodine  content  of, 
21,  151;  iodine  excretion  by,  202;  para¬ 
sites  and  iodine,  190 
Iodase,  106 

Iodate,  assimilation  of,  182;  of  potassium, 
iodine  in,  290 

Iodide,  6;  absorption  from  buccal  mucosa, 
183 ;  after  iodide  feeding,  effect  of  sex, 
149;  dialyzable,  7;  effect  on  colloid 
goiter,  12;  effect  on  exophthalmic 
goiter,  12,  1 19;  in  expired  air,  23;  in 
lungs,  23;  in  lymph,  68;  intestinal  ab¬ 
sorption  of,  22,  182;  placental  circula¬ 
tion  of,  13;  retention  of,  23. 

Distribution  of,  22,  255;  in  brain, 
255;  in  thyroid,  103,  104;  in  tissues,  23, 
255 

See  also  Potassium  iodide 
Iodimetry,  volumetric  equivalents,  291 
Iodine,  after  thyroidectomy,  201 ;  age  and 
thyroid  concentration,  16;  amniotic 
fluid,  13;  anterior  pituitary,  6,  19,  21, 
138,  176;  atomic  weight,  290;  balance, 
181;  circulating,  67;  compound  solu¬ 
tion,  291 ;  compounds  of  biological  im¬ 
portance,  27;  types  of  compound,  6; 
constants  and  factors,  290,  291 ;  daily 
maintenance  requirement,  181,  185;  ex¬ 
cretion  after  desiccated  thyroid,  205, 
206;  diiodotyrosine-like  iodine  “D,”  6; 
discovery  of,  in  thyroid,  4,  27,  31;  dis¬ 
tribution  of,  in  human  goiters,  9;  dis¬ 
tribution  of,  in  human  thyroids,  10; 
dosage  of,  238,  253;  dosage  in  exoph¬ 
thalmic  goiter,  121,  254;  efficacy  of,  254; 
electrodialyzable,  7;  elementary,  as¬ 
similation  of,  182;  and  endocrine  bal¬ 
ance,  3,  125;  estimation  of,  270-286; 
excretion  after  brain  lesions,  176;  hy¬ 
peractive  thyroid,  dose  required,  121, 
254;  and  infection,  191,  254;  “iodine 
debauch,”  269;  in  adrenal  cortex,  6,  20, 
21;  in  body  reserves,  181;  in  body  tis¬ 
sues,  6-26;  in  cartilage,  229;  in  cells, 
6;  in  endocrine  glands,  6;  in  epiphysis, 
6;  in  excreta,  181,  192;  in  gonads,  20, 
22,  151;  in  hay,  188;  in  ingesta,  181 ;  in 
liver,  21,  68,  204,  229;  in  lymph,  68, 
70;  in  medication,  181,  238,  254;  rela¬ 


tive  lack,  191,  224,  254;  studies,  bio¬ 
logical  history  of,  4;  “Jodbasedow” 
from,  254,  256;  Lugol’s  solution,  291; 
lymph  nodes,  229;  molecular  weight, 
290;  muscle  iodine,  6,  21,  229;  organi¬ 
cally  bound,  6;  and  ovarian  cycle,  148, 
152;  in  ovary,  6,  21,  148,  149;  para¬ 
thyroid,  6,  21 ;  partition  of,  in  normal 
thyroids,  15,  17;  and  pregnancy,  153, 
155,  191,  254;  properties  of,  290;  pro¬ 
phylactic  use  of,  191,  253  (dosage,  192) ; 
quotient,  79,  87,  92,  258;  in  skeletal 
muscle,  6,  21,  229;  standard  solution 
of,  291;  storage,  22  (by  thyroid,  8,  100, 
103,  104,  122);  stores,  6;  tincture  of, 
291;  in  tissues,  6-26,  229;  therapy,  122, 
238,  253,  254,  269;  turnover,  regulation 
of,  104;  in  urine  of  newborn,  13;  and 
water  pollution,  192,  254 

Assimilation,  of  compounds,  182-184; 
of  artificial  thyroid  protein,  185;  of 
diiodotyrosine,  183;  of  labeled  iodide, 
182,  217;  of  organic  iodine  compounds, 
183;  of  thyroglobulin,  34,  185;  of  thy-*k 
roxine  derivatives,  184,  185 

Balance,  human,  194-200;  diarrhea 
in,  195;  diet  in,  195;  endogenous,  201; 
essential  hypertension,  200;  fasting,  200, 
201;  fecal,  195-200;  hyperthyroidism, 
197,  200;  in  blood,  see  Blood  iodine;  in 
nontoxic  goiter,  197,  209;  in  toxic  goiter, 
200,  2 1 1 ;  studies  of  Cole  and  Curtis, 
194,  195  (method),  197-200;  studies  of 
von  Fellenberg,  195-196;  studies  of 
Scheffer,  196-197;  and  sweat,  195-200; 
total  iodine  balance,  196-200,  209,  211; 
urinary  iodine,  196-200,  209,  211,  266 
Balance,  pharmacological,  and  iodine 
excretion,  201-206;  and  iodide  excretion, 
201 ;  and  diiodotyrosine  excretion,  183, 
202,  203,  205;  and  thyroxine  excretion, 
184,  203;  and  excretion  of  organic  io¬ 
dine  compounds,  202 ;  excretion  by  kid¬ 
ney  tubules,  202 ;  excretion  in  feces, 
203-205;  elimination  by  liver,  203,  205; 
tolerance  curve,  202,  266 

Deficiency,  188;  conditioned,  190; 
and  cretinism,  188;  and  food,  189,  and 

goiter,  137,  i47>  I^I>  I^2>  2$1’  *n 

mountains,  189;  in  relation  to  air,  188, 
189;  in  relation  to  diet  and  water,  188, 
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251;  relative,  188,  191,  192  >  an<^  sea' 
weed,  soil,  vegetation,  188,  189;  and 
thyroid  hyperplasia,  137,  181 

Excretion,  physiological,  192;  after 
desiccated  thyroid,  205;  and  ovarian 
cycle,  153;  and  parathyroid,  143!  fecal, 
193;  in  hyperthyroidism,  2x2;  in  milk, 
70-71,  157,  188,  194;  in  saliva,  sweat, 
70-71,  194;  total  elimination,  194 

urinary,  79,  192,  193,  239,  240; 
after  hypophysectomy,  126;  after  thy¬ 
roidectomy,  210;  from  desiccated  thy¬ 
roid,  184,  185,  205 ;  from  diiodotyrosine, 
193;  from  thyroxine,  184;  in  hyperthy¬ 
roidism,  210,  212 

Fetal  thyroid,  and  iodine  therapy,  13 
Fractions,  “D”  and  “T,”  6,  18,  29; 
endocrine  potency  of,  29;  in  blood,  30, 
239,  241;  in  iodoproteins,  29;  in  thy- 
roglobulin,  30,  44,  61 
Metabolism,  levels  of,  238;  after  hy¬ 
pophysectomy,  126;  fibrolytic  level, 
268;  prophylactic  level,  191,  253 

therapeutic  level,  254;  complica¬ 
tions  of,  256;  dosage,  255,  257;  escape 
from,  120,  256;  in  medical  treatment, 
256,  260-265;  in  thyroid  storm,  247, 
261,  262;  mechanism  of  “Jodbasedow,” 

251 

Methods  for  estimation  of,  271  (see 
also  Methods) ;  accuracy  of,  275,  283, 
284;  “D,”  “T”  fractions,  284,  285;  elec¬ 
trometric  titration,  271,  283;  Groak  I, 
271,  273;  Groak  II,  271,  275;  Hunter- 
Kendall,  271;  in  blood,  plasma,  286; 
Riggs-Man,  271,  276 
Radioactive,  see  Radioactive  iodine 
Requirement,  185-188;  minimal  nor¬ 
mal,  186;  and  nasal  secretion,  187; 
optimal  normal,  186;  relation  to  metab¬ 
olism,  188;  relation  to  retrapping,  186, 
210;  relation  to  thyroxine,  186;  and 
sweat,  71,  187,  188,  196;  urinary,  186, 
187,  188,  192 

Thyroid  disturbance,  iodine  balance 
in,  187,  198,  206;  in  hyperthyroidism, 
after  excitement,  208,  21 1;  after  ad¬ 
ministration  of  thyroxine,  208;  after 
iodide  feeding,  206;  after  painting  skin, 
207;  after  thyroidectomy,  206;  fasting, 
206;  in  cretinism,  207;  in  feces,  202! 


206;  in  milk,  206;  in  myxedema,  207;  in 
urine,  206,  207;  tolerance  curve,  207,  266 
iodine  metabolism  in,  208-212;  in 
bile,  209,  210;  in  feces,  208,  2x0;  in 
toxic  goiter,  210,  21 1;  in  urine,  212; 
in  hypothyroidism,  206,  207 

Thyroid  iodine,  6,  8,  21,  101,  118,  230; 
concentration,  16,  101 ;  total  in  colloid, 
9,  10,  230;  in  gland,  15,  17,  101,  229; 
in  various  thyroidal  tissues,  1 1 ;  and 
thyrotropic  activity,  4,  127;  thyroxine¬ 
like  iodine,  “T,”  6,  15,  18,  22,  25,  58, 
74,  75,  285  (see  also  Blood  iodine  frac¬ 
tions) 

Tolerance,  in  urine,  266 

in  blood,  81,  259,  266,  268;  in  eu- 
thyroidism,  81,  267;  in  hyperthyroid¬ 
ism,  267;  in  hypothyroidism,  207;  in 
nontoxic  goiter,  212,  267;  with  radio¬ 
active  iodine,  266 

Iodine  and  adrenal  cortex,  see  Adrenal 
cortex 

Iodism,  201,  269 

Iodo-albumin,  in  myxedema,  29,  58,  98 
Iodo-amino-acids,  50 

Iodocasein,  29,  53;  “casejodin,”  52;  “iodo- 
casein”  (Liebrecht),  52;  “perjodcasein,” 
52;  thyroxine  from,  29,  46,  61,  no 
Iodoglobin,  29;  base  binding  by,  46,  49; 
phenolic  dissociation  in,  50;  phenolic 
groups  in,  46;  titration  curve  of,  49 
Iodoglutin,  53 

Iodogorgonic  acid,  7;  identification  of,  4, 
28;  in  “corals”  or  sea  fans,  7,  28,  31, 
32;  in  thyroglobulin,  28,  50 
Iodogorgonin,  32 
Iodo-histidine,  7,  28,  50 
Iodoproteins,  4;  immunity  to,  57;  iodine 
numbers  of,  54;  mechanism  of  iodina- 
tion,  55;  natural,  31;  thyroxine  from, 
29>  39>  46,  61,  110 

Artificial,  constitutents  of,  52;  “D,” 
T  iodine  fractions,  52;  diiodotyrosine 
in,  29,  46;  hydrolysis  of,  29,  52;  iodine 
in,  46;  preparation  of,  45;  properties 
of,  46;  thyroxine  in,  46 
Proteolytic  cleavage  products,  “D” 
and  “T”  fractions,  57;  diiodotyrosine 
57!  endocrine  activity  of,  58;  effect 
in  human  myxedema,  59,  60;  thyroxine 
in,  57 
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Iodospongin,  31,  32 
Iodosulfonphenolphthalein  test,  66;  and 
liver  iodine,  205 
Iodopexis,  205 
Iodothyronine  nucleus,  60 
Iodothyrotoxicosis,  122,  251,  256;  in  cab¬ 
bage  goiter  (rabbits),  122 
Iodotryptoflavin,  23 

Iodozein,  acid  and  base  binding  capacities, 
48;  phenol  dissociation  of,  48;  titration 
curve  of,  49 
Iopax,  64,  65 
Isothyroxine,  hi 

Isotopes  of  iodine,  radioactive,  213,  215 

“Jodbasedow,”  see  Iodothyrotoxicosis 
“Jodthyrin,”  184 
“Jodtropon,”  52,  100,  104 
Junkmann-Schoeller  unit,  128,  133,  134* 
287-289 

Juvenile  myxedema,  thyroid  iodine  in, 
232 

Kaisten,  goiter  rate  of,  188,  189 
Kidney,  iodide  and  chloride  in,  69;  iodine 
excretion  by  glomeruli,  202 ;  iodine  in, 
21,  151 

Kitakami,  goiter  in,  189 

“Labeled”  iodine,  216;  biological  behavior 
of,  219,  227,  233;  measurement  of,  218, 
219,  227,  228;  measurement  of  in  thy¬ 
roid  in  vivo ,  231  j  multiple  labeling,  224, 
preparation  of,  215,  218;  recovery  of, 
218 

Lactation,  and  iodine,  146,  191;  and  thy¬ 
rotropic  hormone,  131,  14° 

Langley  operation,  166,  167 
1-diiodotyrosine,  peptides  of,  12,  30 
Leptocardii,  thyroid  in,  8 
Lindbergh  apparatus,  103 
Lipoidal  iodine,  see  Fats 
Liquor  iodi  compositus,  composition  of, 
291;  intestinal  absorption,  6,  7,  182 
Liver,  after  anesthesia,  thyroid  feeding, 
toxic  damage,  205 ;  bio-assay  of,  205 ; 
chloride  in,  69;  element  85  in,  235; 
iodide,  69,  204;  iodine  elimination  by, 
204;  iodine  in,  21,  22,  68,  151;  organic 
iodine  compounds,  204,  205 ;  thiocy¬ 
anate  in,  68;  thyroxine  in,  22,  205 
Liver  disease,  in  hyperthyroidism,  210 


1-thyroxine,  peptides  of,  12,  30,  60,  115, 
117 

Lugol’s  solution,  see  Liquor  iodi  composi¬ 
tus 

Lung,  iodide  and  chloride  in,  69;  iodine 
content  of,  21,  23,  151 ;  iodine  and  thio¬ 
cyanate  in,  68 

Lupus  erythematosus,  iodine  therapy  in, 
268 

Lymph,  chloride,  iodine,  thiocyanate  in, 
68,  70 

Lymph  nodes,  element  85  in,  235 ;  iodine 
in,  229 

Lymphadenomatous  goiter,  229 

Mammillary  body,  165 
Man,  E.  B.,  see  Riggs-Man  method 
Marine’s  cycle,  137;  and  pregnancy,  147; 
hypothesis,  224 

Maturity,  and  hypothalamus,  172 
Median  eminence,  172 
Medulla  oblongata,  iodine  content  of,  138, 
178 

Metabolism,  after  hypothalamic  narcosis, 
176;  in  hyperthyroidism,  200;  in  preg¬ 
nancy,  155 

Metamorphosis,  see  Axolotl;  Tadpoles 
“Metastable,”  radioactive  atom,  214 
Metastases,  iodine  in,  229,  230 
Menopause,  and  iodine,  152,  191;  and 
ovarian  iodine,  149;  and  thyroid  en¬ 
largement,  146;  and  thyrotropic  hor¬ 
mone,  152,  153;  hyperiodemia  of,  93 
Menstrual  blood,  iodine  in,  132 
Menstrual  cycle,  and  iodine,  146;  and 
iodine  metabolism,  151;  urinary  iodine 
in,  208 

Metabolism,  and  hypothalamus,  172.  See 
also  Basal  metabolism 
Methods,  determination  of  iodine,  270- 
285;  plasma  iodine  fractions,  “I,”  “P>” 
“T,”  “D,”  286;  standard  solutions,  291; 
“T”  and  “D”  iodine,  284;  thyrotropic 
hormone,  286.  See  also  Iodine,  methods 
for  estimation  of 
Microdissection  of  thyroid,  8 
Microgram  (gamma),  definition  of,  5 
Micrometer,  Leitz  echelon,  288 
Milk,  and  ovary,  157 ;  i°dine  in>  7°,  188, 
201;  thyroxine  in,  71,  194 1  vitamin  A 
in  whole  milk,  190 
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Millicurie,  definition  of,  233 
Minnesota,  simple  goiter  in,  124 
Mitotic  activity,  in  thyroid,  106,  126,  155 
Molecular  weights  of  iodine  compounds, 
290 

Monoiodohistidine,  50,  54,  55 
Monoiodotyrosine,  7,  50;  properties  of,  51 
Mucous  membrane,  absorption  of  iodine, 
100,  183 

Muscle,  element  85  in,  235;  iodide  and 
chloride  in,  69;  iodine  in,  6,  15,  21; 
iodine  and  thiocyanate  in,  68 ;  normal 
and  myxedematous,  18;  thyroid  hor¬ 
mone  in,  18 

Myxedema,  human,  116,  117;  Addison’s 
crisis  in,  59,  269;  blood  iodine  fractions, 
“I,”  “P,”  “T,”  76,  78,  83,  86,  239,  247; 

iodinated  casein,  serum  albumin,  18; 
labeled  iodine  in  thyroid,  232 ;  and 
menorrhagia,  157;  metabolism  of  radio¬ 
active  iodine,  227;  pituitary  in,  126, 
144;  pituitary  iodine  in,  145;  relief  by 
iodinated  proteins,  59,  113;  response  to 
thyroxine  polypeptide  vs.  whole  thy¬ 
roid,  1 17;  urinary  iodine  in,  206,  239 
Thyrotropic  hormone,  133,  145;  in 
blood,  133;  in  urine,  133,  140,  141 
See  also  Hypothyroidism 

Naffziger’s  operation,  in  malignant  ex¬ 
ophthalmos,  260 
Neoiopax,  65 

Nephritis,  excretion  of  iodine  in  chronic, 
202;  excretion  of  labeled  iodine,  228 
Nerve  tissue,  “exquisite”  stimulation  by 
thyroid,  161,  165 

Nerves,  blood  iodine  after  removal  of 
hypothalamus,  179;  blood  iodine  after 
spinal  cord  section,  179;  peripheral 
effect  on  iodine  metabolism,  179 ;  to  thy¬ 
roid,  myelinated,  nonmyelinated,  165 
Nervous  activity,  and  Langley  operation, 
166;  interaction  with  thyroid  activity, 
167 

Nervous  system,  action  on  pituitary-thy¬ 
roid  axis,  162;  and  hypothalamus,  163; 
effect  of  bromide  and  iodide  on,  162 ; 
effect  on  iodine  metabolism,  160;  effect 
on  thyroid,  160,  165;  in  hyperthyroid¬ 
ism,  in  hypothyroidism,  161;  in  iodism, 
162 


Nervousness,  and  blood  iodine,  1 5 1  >  x94> 
242 

Neurasthenia,  and  ovarian  cycle,  151 
Neurohumoral  mechanisms,  162,  > 

effect  of  iodine  on,  175 
Neutron,  production  of  radioactive  iodine, 

215 

Newborn,  ovarian  iodine  in,  149;  thy¬ 
roidal  iodine  in,  14 

New  York,  blood  iodine  in,  79;  simple 
goiter  in,  124 

New  Zealand,  iodine  in  soil,  189 
Nitrogen,  heavy,  213 

Nitroglobin,  iodinated,  peptic  digestion  of, 
56 

Nodular  goiter,  toxic,  106,  118;  case  of, 
244;  nontoxic,  iodine  in,  210,  21 1,  229- 
232;  thyroglobulin  in,  42,  44 
Nucleoprotein  in  thyroid,  8,  33,  34 

Obesity,  and  hypothalamus,  172 
Ohio,  blood  iodine  in,  79 
Optic  chiasm,  164 

Organic  iodine,  after  iodide  therapy,  30; 
“D”  and  “T”  fractions,  31 ;  in  blood,  30, 
74-76,  79,  86;  in  hyperthyroidism,  30, 
31;  in  renal  clearance,  64;  proteins,  27 
Compounds,  naturally  occurring,  7; 
storage  of,  23 ;  roentgen  visualization 
of,  66 

See  also  Thyroid  gland 
Ovarian  cycle,  and  iodine  metabolism,  21, 
151—153  5  and  menopause,  152;  and  thy¬ 
roid  gland,  141,  153;  in  neurasthenia, 
151;  in  thyrotoxicosis,  15 1,  208 
Ovarian  extracts,  effect  on  blood  iodine, 
152;  folliculin,  155;  lutein,  156 
Ovariectomy,  effect  on  anterior  pituitary, 
IS5i  on  gonadotropic  hormone,  154;  on 
iodine  metabolism,  155;  on  thyroid  io¬ 
dine,  154;  on  thyrotropic  hormone,  132, 
152,  153,  155 

Ovary,  and  adrenal  cortex,  3,  156;  and 
endocrine  balance,  125;  and  iodine 
metabolism,  149;  and  peripheral  tissues, 
156;  and  pituitary-thyroid  axis,  156; 
and  thyroid  interaction,  154,  157, 
bio-assay  of,  nature  of,  22,  150;  iodine 
after  thyroidectomy,  137;  iodine  in,  21, 
x48,  151;  trapping  of  iodine  by,  20,  21, 

151 
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Ovulation,  and  gonadotropic  hormone,  175 
Oxidation-reduction  potentials  of  iodine 
compounds,  290 

Pallidum,  damage  of,  176;  iodine  content, 
138,  178;  after  anterior  pituitary  in¬ 
jection,  177 

Pancreas,  and  blood  iodine,  143 ;  and 
insulin,  143;  iodide  and  chloride  in,  69; 
iodine  in,  21,  22,  143;  and  thyroid,  143 
Parasympathetic  nerves,  to  thyroid,  165, 
166;  and  iodine  metabolism,  179 
Parathyroid,  and  iodine  balance,  143;  io¬ 
dine  in,  21 

Paraventricular  nucleus,  in  heat  produc¬ 
tion,  165 

Pars  tuberalis,  and  water  balance,  172; 
site  of,  163 

Pepsin,  digestion  of  iodoprotein,  56,  57 ; 

of  thyroglobulin,  30,  61 
Peptides,  iodinated,  58;  of  thyroxine,  60, 

US,  117 

Peptones,  iodinated,  27,  114 
Perfusion  of  thyroid,  103 
Permanganate,  reaction  with  iodide,  271, 
273,  275,  290 

Phosphorus,  in  thyroglobulin,  34;  radio¬ 
active,  213 

Phrenic  nerve,  anastomosis  with  cervical 
sympathetic,  166,  167;  increased  metab¬ 
olism  in,  167 

Pilocarpine,  effect  on  blood  iodine,  179; 
effect  on  thyroid  circulation,  168;  syn¬ 
ergism  with  thyrotropic  hormone,  167 
Pituitary,  and  sympathetic  nervous  sys¬ 
tem,  166;  effect  of  thyroxine,  132,  166; 
release  of  thyrotropic  hormone,  131, 
166 

Pituitary  gland,  anatomy  of,  163,  164; 
damage  to,  176 

Anterior  lobe,  1 71-175;  activity  in 
menopause,  152;  after  iodine  therapy, 
122,  133;  after  thyroidectomy,  19,  137; 
and  gonadotropic  hormone,  175;  and 
iodine  balance,  125,  126;  colloid,  19, 138; 
and  hypothalamus,  19,  1 77  5  in  meno¬ 
pause,  152;  iodine  in,  19,  122,  125,  138; 
portal  circulation,  173;  protein,  19,  138; 
veins  of,  173;  and  water  balance,  172 
Innervation  of,  163;  after  stalk  sec¬ 
tion,  1 71,  173;  effect  of  iodine  on,  133, 
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175;  from  hypothalamus,  173;  in  cold, 
1 71;  and  pituitary  stalk,  172 
Iodine  in,  21,  137,  176;  acidophilic 
granules  in,  139;  after  thyroid  feeding, 
20,  23,  137,  177;  after  thyroidectomy, 
4,  137;  after  thyroxine  injection,  177 
Middle  lobe,  after  thyroidectomy,  19 
Posterior  lobe,  164,  171;  after  thy¬ 
roidectomy,  19;  and  endocrine  balance, 
125;  and  supra-optic  nucleus,  164;  and 
water  balance,  173;  atrophy  after  nerve 
section,  172;  iodine  in,  19;  lesions  of, 
176 

Pituitary-ovarian  axis,  139,  146;  and  thy¬ 
roid,  156 

Pituitary-thyroid  axis,  131,  153,  156,  1 71 ; 
and  “castration  phenomenon,”  132,  145; 
effect  of  thyroid  hormone,  131,  132,  137; 
effect  of  thyroxine,  132  ;  and  menopause, 
132,  152;  and  myxedema,  133,  141 ; 
peripheral  relationship,  144 
Pituitary-thyroid  interaction,  139;  effect 
of  eosinophilic  elements,  171;  and  hypo¬ 
thalamus,  139,  167,  173,  177;  and  stalk 
section,  167,  171;  and  thyroid  hyper¬ 
plasia,  137,  167 

Pituitrin,  and  diabetes  insipidus,  172;  and 
iodine  balance,  172 

Placental  blood  iodine,  153;  circulation 
of  iodide,  13;  circulation  of  thyroid 
hormone,  14 

Plasma  fractions,  “I,”  “P,”  “T,”  “D,”  75, 
239-241,  286;  iodine,  “I,”  255;  iodine 
vs.  whole  blood  iodine,  clinical  data,  76 
Plastein,  61,  see  Thyroid  preparations 
Pluriglandular  syndrome,  case  of,  246 
Portal  vein,  iodine  in,  205 
Potassium  iodate,  standard  solution,  291. 
See  also  Iodate 

Potassium  iodide,  iodine  content  of,  290; 
molecular  weight  of,  290.  See  also 
Iodide 

Precipitin  reaction,  in  blood  to  thyroglob¬ 
ulin,  70,  75,  99-  185;  in  thyroid  lymph, 
70 

Pregnancy,  and  goiter,  146,  154,  191;  and 
thyrotropic  hormone,  14°;  effect  on 
thyroid,  154,  191,  222;  iodine  excretion, 
153,  154;  iodine  requirement,  186 
Pre-optic  region,  164 
Proteins,  iodinated,  7,  18,  27,  45,  113; 
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calorigenic  effect,  113,  H4i  cardio-ac- 
celerating  effect,  114;  “D”  and  “T  frac¬ 
tions,  58,  1 13;  methods  of  iodinating, 
28;  split  products  of,  113 
Proteolytic  enzymes,  27;  effect  on  thyro- 
globulin,  27;  erepsin,  pepsin,  trypsin,  30 
Proto-albumose,  iodination  of,  53 ;  prop¬ 
erties,  54 

Pseudopregnancy,  and  gonadotropic  hor¬ 
mones,  175 

“Psychosomatic  medicine,”  173 
Puberty,  and  goiter,  146;  and  iodine,  146, 
186,  191 

Putamen,  damage  to,  176 

Quotient,  see  Blood  iodine,  fasting 

Radiation  therapy,  90,  210,  260,  262;  with 
radioactive  iodine,  233 
Radioactive  iodine,  absorption  of,  100; 
diffusion  through  body  tissues,  219,  220; 
excretion  of,  219,  228;  human  metab¬ 
olism  of,  226-228;  in  blood,  214,  219; 
in  body  fluids,  2x9;  in  body  tissues,  219; 
in  carcinoma,  229,  230;  in  cerebrospinal 
fluid,  219;  in  feces,  214,  217,  226,  227; 
in  hyperplastic  thyroid,  220,  221  (Type 
1,  221-225;  Type  2,  221-225);  in  me- 
tastases,  229,  230;  in  thyroid,  217,  219, 
220,  229-233;  isotopes,  215;  storage  in 
thyroid,  100 
Radio-autograph,  230 
Reaction  time,  and  thyroid,  161 
Red  cells,  see  Erythrocytes 
Refractoriness  to  iodine,  120,  121 
Renal  clearance,  of  organic  iodine  com¬ 
pounds,  64;  tubular  excretory  mass,  66 
Riggs-Man  method  of  iodine  determina¬ 
tion,  271,  276 

Roentgen  therapy,  260;  and  blood  iodine, 
90,  262;  and  iodine  balance,  210 
R  unit,  definition  of,  233 

Saliva,  iodine  in,  71,  194,  201,  268 
Schoeller  unit,  see  Junkmann-Schoeller 
unit 

Sea  fans,  7,  28;  hydrolysis  of,  28;  iodine 
in,  27;  iodogorgonic  acid  in,  28 
Seaweed,  diet,  effect  on  thyroid,  102,  189; 
iodine  in,  32 

Serum,  chloride  in,  69;  iodide  in,  69 


Serum  albumin,  iodinated,  55  >  human 
myxedema,  18,  59,  98 
Serum  globulin,  iodinated,  55 
Sex,  and  endemic  goiter,  146 
Sex  function,  and  hypothalamus,  172;  and 
iodine,  146 

“Shotgun  reaction”  of  pituitary,  154,  156 
Simple  goiter,  123,  124;  basal  metabolism 
in,  86,  124;  bio-assay  of,  123;  blood 
iodine  fractions,  94,  239  (“I,”  “P,”  “T,” 
239,  241) ;  case  of,  241;  follicles  in,  123, 
251;  hypothyroidism  in,  124;  iodine 
prophylaxis  of,  192,  253;  iodine  stores 
in,  12,  123,  210,  2 1 1 ;  plasma  iodine  in, 
239;  relative  iodine  lack,  123,  190,  191 ; 
thyroid  medication  in,  252;  thyroid  pa¬ 
renchyma  in,  123;  tyrosine  in,  124;  uri¬ 
nary  iodine  in,  210,  239 
Skeletal  muscles,  iodine  in,  6,  15,  21;  thy¬ 
roid  hormone  in,  18 
Skeleton,  iodine  in,  21 
Skin,  absorption  of  iodine,  100,  207 ;  iodide 
and  chloride  in,  69;  iodine  in,  21,  23, 
68;  thiocyanate  in,  68 
Skiodan,  64,  65 
Sleep,  and  hypothalamus,  172 
Small  intestine,  iodine  in,  21 
Sodium  thiosulfate,  standard  solution,  291 
Soil,  iodine  content  of,  188 
Spleen,  iodide  and  chloride  in,  69;  iodine 
in,  21,  68;  thiocyanate  in,  68 
Sponge,  burnt,  of  ancient  Greeks,  27; 

diiodotyrosine  in,  7;  iodine  in,  27 
Starch,  reaction  with  iodine,  290 
Stomach,  absorption  of  iodine  compounds 
by,  182;  iodide  and  chloride  in,  69;  io¬ 
dine  in,  21;  iodine  excretion  by,  23,  81, 
203 

Storm,  thyroid,  85,  91,  261;  case  of,  247 
Struma  lymphomatosa,  iodine  in,  229-230 
Submaxillary  gland,  iodine  in,  21 
Superior  cervical  ganglion,  165 
Superior  laryngeal  nerve,  165 
Superior  thyroid  arteries,  165;  ligation  of, 
9i 

Supra-optic  nucleus,  164;  after  section  of 
pituitary  stalk,  172;  and  water  balance, 
164,  173 

Surgery,  and  iodine  excretion,  194,  210 
Sweat,  iodine  in,  71,  i94,  IgS)  2o8 
Switzerland,  iodine  in  soil,  189 
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Sympathetic  nerves,  and  gonadotropic 
hormone,  174,  175;  and  hypothalamus, 
163,  164,  1 71 ;  increased  thyrotropic 
hormone  from,  162;  stimulation  of  pitu¬ 
itary  and  thyroid  by,  162;  to  thyroid, 

165 

Sympathin,  liberation  on  sympathetic 
stimulation,  171 
Syphilis,  iodine  therapy  in,  268 

Tadpoles,  metamorphosis  of,  8,  112,  151; 
method,  detection  of  thyroid  activity, 

19 

Tagged  atoms,  radioactive  iodine,  213,  216, 
217;  biological  behavior,  217,  232 
Tellurium,  source  of  radioactive  iodine, 
215,  218 

Testicle,  iodine  in,  21,  22,  151 
Tetrabromthyronine,  in,  112 
Tetraiodothyronine,  see  Thyroxine 
Thalamus,  after  injection  of  anterior  pitu¬ 
itary  extract,  177;  damage  to,  176;  io¬ 
dine  content  of,  138,  178 
Theelin,  156;  and  cancer,  157;  and  pitu¬ 
itary-ovarian  axis,  156 
Thiocyanate,  and  iodine  metabolism,  191 ; 
in  lymph,  68,  70 

Thiosulfate,  titration  of  iodine,  272,  274, 
275,  281,  290.  See  also  Iodimetry 
Thirteen-day  iodine,  214 
Thoracoplasty,  and  iodine  excretion,  194, 
210 

Threshold  for  iodine  storage  by  thyroid, 
221,  222 

Thymus,  143;  iodine  in,  21;  in  hyperthy¬ 
roidism,  144;  and  thyroid,  144;  and 
thyroxine,  144 
“Thyranon,”  116 
“Thyrine,”  234 

Thyroglobulin,  4 ;  aggregation  of  molecule, 
37;  calorigenic  potency  of,  185;  car¬ 
bohydrate  in,  38;  composition  of,  34; 
constituent  amino-acids  of,  37,  39,  4°> 
44;  diiodotyrosine  in,  25,  38,  39;  glu¬ 
cosamine  in,  38;  hydrolysis  of,  24; 
immunity  to,  75,  99,  129;  in  hyperthy¬ 
roid  glands,  43;  in  normal  thyroid 
glands,  40,  42 ;  in  pathological  thyroid 
glands,  42;  iodination  of,  27;  iodine  in, 
11,  34,  39!  isoelectric  zone,  35,  37! 
molecular  architecture,  35,  37,  4°,  4i ; 
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preparation  of,  32;  properties  of,  34; 
pure,  11 ;  salting  out  of,  35;  sedimenta¬ 
tion  constant,  36;  specific  volume,  36; 
thyroxine  in,  24,  38,  39 

Peptide  and  peptone  of,  61 ;  assimila¬ 
tion,  185 

Plastein  of,  61 ;  effect  in  myxedema, 
63 ;  preparation  of,  62 ;  properties  of, 

63 

Thyroid,  human,  iodine  in,  6,  8,  10,  12,  15, 
16,  17,  101.  See  also  Thyroid  gland 

Thyroid  cells  and  parenchyma,  ratio  of 
iodine  in,  9;  “concentration  coefficient,” 
220,  221;  effect  of  ovulation,  of  sex, 
157;  follicles,  8;  secretion  of  colloid, 
9 

Thyroid  gland,  activity,  100;  after  theelin 
injection,  154,  156,  157;  blood  flow  of, 
167,  168;  cancer  of,  iodine  in,  229,  230; 
cancer  protein,  13;  carcinoma,  radiation 
therapy  with  radioactive  iodine,  233; 
effect  of  cold,  106;  effect  of  iodide  ad¬ 
ministration,  105,  122,  133;  “endocre- 
tion,”  106,  120;  and  endocrine  balance, 
125;  evolution  of,  8;  hyperplastic  tis¬ 
sue,  8,  220,  221  (Types  1  and  2,  221- 
225);  hypertrophy,  147  (in  estrus,  155; 
in  pregnancy,  155);  effect  of  hypophy- 
sectomy,  126;  in  beriberi,  rickets  and 
scurvy,  190,  191 ;  lymph  of,  70;  in 
menopause,  132;  iodide  in,  7,  17,  24, 
120  (after  iodide  therapy,  24,  25,  151, 
217,  219-222,  224-227,  229-232);  and 
age,  15;  iodine  stores,  104,  118,  210;  in 
hyperthyroidism,  118;  microdissection 
of,  8;  mitotic  activity,  106  (in  ovarian 
cycle,  155) ;  nerves  of,  165-166;  nucleo- 
protein  in,  8,  33 ;  and  other  endocrines, 
141;  ovarian  activity,  141,  154;  paren¬ 
chyma  of,  9 ;  and  pituitary-ovarian  axis, 
156;  after  injection  of  progesterone, 
154,  156;  “reserve”  of  iodine,  8;  secre¬ 
tion  of  active,  18;  secretion  of  inactive, 
8;  “secreting”  tissue,  8;  storm,  91,  247; 
stroma,  9;  “T”  fraction,  17,  230,  231; 
effect  of  thyrotropic  hormone  and  thee¬ 
lin,  154;  thyroxine  in,  25,  101,  120; 
effect  of  thyroxine  administration,  167; 
trapping  of  radioactive  iodine,  measure¬ 
ment  in  vivo,  220,  231;  weight  of,  15, 
16 
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Colloid,  deposition  of,  120;  “inactive,” 

8;  iodine  in,  25,  230;  release  of,  16; 
stores  in,  16,  107,  230;  types  of,  8 

“D”  fraction,  17,  25,  120,  230,  231; 
“D”  and  “T”  fractions  in,  17,  118 

Follicular  cells,  9,  106,  121,  I33>  I41' 
289;  effect  of  cervical  sympathetic 
nerves,  168,  169;  chemical  control  of, 
169,  170;  effect  of  cold,  168,  170;  and 
follicles,  1 2 1 ;  height  of,  141,  168,  287, 
289;  in  human  pathological  states,  289; 
iodine  in,  25,  230;  mitochondria  of, 
167;  effect  of  nerve  stimulation,  167; 
polarity  of,  106,  121;  effect  of  thyro¬ 
tropic  hormone,  n,  127,  168,  287;  thy¬ 
roxine  in,  25 

Hormones,  natural,  114;  multiple 
hormone  theory,  115;  unknown  iodine 
compounds,  113.  See  also  Thyrotropic 
hormone 

Hyperplasia,  123,  137,  147,  186,  230; 
after  ovariectomy,  154;  and  vitamin  A, 

1 91,  192;  dual  cause,  224;  and  estrus, 
15S ;  in  pregnancy,  155;  involution,  147; 
radiation  therapy  with  radioactive  io¬ 
dine,  233 

Iodine  content,  6,  12,  21,  101,  119, 
120;  average  in,  geographical  distribu¬ 
tion,  16;  “D”  and  “T”  fractions,  17, 
25,  61,  120,  230,  231;  diiodotyrosine  in, 

4,  24,  25,  50,  101 ;  geographical  varia¬ 
tion,  1 01;  heat  coagulable,  24;  hiber¬ 
nation,  effect  of,  103 ;  in  Argentine 
sheep,  101;  in  fish  diet,  102;  in  human 
newborn,  14;  in  human  thyroids,  17, 
101 ;  in  New  York,  16;  in  newborn  hogs, 
sheep,  14;  in  normal  adult,  101 ;  in 
normal  thyroids,  15;  in  ovarian  cycle, 

1 55  >  lipoid  iodine,  24,  101 ;  organic 
iodine  in,  130;  radioactive  iodine  in, 
24,  214,  229;  seasonal  variation,  101 ; 
effect  of  sex  activity,  103,  158;  thyroxine 
in,  24,  25,  101 ;  total,  120;  effect  of 
ultraviolet  light,  103;  effect  of  vitamin 
D,  103 

Thyroid  hormone,  bodily  store  of,  108; 
circulating,  18;  daily  requirement  of, 
107;  in  pregnancy,  155;  placental  cir¬ 
culation  of,  14.  See  also  Thyroid  gland, 
hormones 

“Thyroid  index,”  147,  220 
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Thyroid  medication,  manufacture  of,  109, 
no;  activity  in  blood  serum,  kidney, 
liver,  19;  and  gonadotropic  hormone, 
158;  cardio-accelerating  effect,  114; 
effect  of  added  iodide,  122,  252;  effect 
on  tissue  iodine,  23,  177;  ovarian  effect 
of  pituitary  transplants,  158 
Thyroid  nerves,  165-167;  blood  vessels, 
165 ;  lymphatics,  9,  70 
Thyroid  preparations,  calorigenic  potency 
of,  115,  116,  185;  cardio-accelerating 
effect  of,  1 16;  effect  of  “D,”  “T”  frac¬ 
tions,  1 15;  desiccated  thyroid  and  thy- 
roglobulin  vs.  thyroxine,  116,  185;  and 
liver  iodine,  205;  potency  of  plastein, 
63,  1 17;  potency  of  thyroxine  vs.  total 
iodine,  109 

Protein,  artificial,  assimilation  of,  185 ; 
cancer  protein,  13 ;  deiodinated,  9 ; 
preparation  of  iodinated,  32;  synthesis 
of,  1 17;  uniodinated,  8 
Thyroidal  colloid  stores,  9 
Thyroidectomy,  and  iodine  in  body  tissues, 
137;  and  vitamin  A,  190;  effect  on  blood 
iodine,  92,  149;  inhibition  of  breast, 
155;  effect  on  growth,  144;  in  preg¬ 
nancy,  13;  iodine  excretion  after,  194, 
210;  inhibition  of  lactation,  155;  effect 
on  ovarian  iodine,  151 ;  effect  of  thy¬ 
roid  feeding,  137;  thyrotropic  hormone, 
effect  after,  140 
“Thyroidin,”  20,  184 
“Thyrojodin,”  184 
Thyronine,  in;  derivatives  of,  112 
Thyrotoxicosis,  see  Hyperthyroidism ; 
Graves’  disease 

Thyrotropic  hormone,  and  acetylcholine, 
168;  effect  of  adrenals,  126,  128;  after 
iodide,  122,  128,  133-136;  after  thy¬ 
roidectomy,  140;  antagonism  of  iodide, 
128,  134,  136;  antibodies  to,  129;  anti¬ 
hormones  to,  129;  assay  of,  128,  133, 
286;  and  basal  metabolic  rate,  127,  133, 
139;  and  blood  hormone,  131,  132,  139; 
and  blood  iodine,  129,  130,  132,  133; 
effect  on  blood  iodine  fractions,  “P,” 
“T,”  “D,”  130;  and  cabbage  goiter,  140; 
and  circulating  iodine,  140;  control  of, 
I3I>  i39>  1 75 >  and  crystalline  sex  hor¬ 
mones,  128;  effect  on  denervated  thy¬ 
roid  gland,  175;  and  dibromtyrosine, 
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137;  and  diencephalon,  139,  173;  and 
diiodotyrosine,  135,  137;  discovery  of, 
125;  and  endocrine  balance,  125;  and 
ephedrine,  168;  and  exophthalmic  goiter, 
160,  260;  and  exophthalmos,  127,  260; 
effect  on  follicular  cells,  126,  127,  133, 
287;  and  goitrogenic  diet,  140;  and  gon¬ 
adotropic  hormone,  128;  and  growth, 
144;  and  growth  hormone,  128;  and 
heart  rate,  127;  and  histological  changes, 
126,  128,  133,  289;  hyperplasia  of  thy¬ 
roid  gland,  131,  224;  and  clinical  hyper¬ 
thyroidism,  86,  128,  139;  immunity  to, 
93,  129;  in  birds,  fowl,  fish,  guinea  pigs, 
127;  in  blood,  133,  139;  in  cold,  131, 
140;  in  cyanide  poisoning,  13 1,  140;  in 
fear,  131;  in  hunger,  131;  in  lactation, 
131,  140;  in  menopause,  152,  153;  in 
pregnancy,  131,  140;  in  urine,  133,  139, 
141 ;  effect  of  in  vitro,  129;  and  infec¬ 
tion,  140;  and  iodide  dosage,  137;  and 
iodine  balance,  139;  iodine  lack,  140; 
effect  on  isolated  thyroid,  129;  Junk- 
mann-Schoeller  unit  of,  128,  289;  and 
Marine’s  hypothesis,  131;  effect  on  me¬ 
tabolism,  125;  and  myxedema,  131,  133. 
140;  neurohumoral  relationships,  131 ;  of 
non-pituitary  origin,  126,  127;  effect  of 
ovary,  126,  128,  154;  and  peripheral 
effect  of  iodide,  134;  physiological 
effects  of,  126;  and  pilocarpine,  168; 
and  pituitary-thyroid  axis,  131)  I32> 
137;  and  progesterone,  154,  156;  and 
radioactive  iodine,  2255  refractoriness 
to,  129 ;  and  sexual  excitement,  131 ;  and 
sympathetic  nerves,  129,  13*1  1 7 1  >  syn¬ 
ergism  of  iodide,  134,  136;  and  thy¬ 
roidal  “T”  fraction,  129,  130;  effect  on 
thyroid  chloride,  127;  effect  on  thyroid 
colloid,  11,  127,  130;  effect  on  thyroid 
gland,  126,  127,  130,  131,  139;  effect  on 
thyroid  iodine,  128,  130;  and  thyroid 
medication,  140;  effect  on  thyroid  trans¬ 
plants,  175;  effect  on  thyroid  vessels, 
127;  and  distribution  of  water  in  thy¬ 
roid,  11,  127;  and  urinary  iodine,  130; 
and  vitamins,  103,  190;  and  young 
chicks,  287 

Thyroxamine,  112 

Thyroxine,  4;  acetyl  derivatives  of,  112; 
amino  group  of,  112;  assimilation  of, 


184;  calorigenic  activity,  no,  112,  185; 
circulating  in  blood,  18;  crystalline,  ab¬ 
sorption  of,  184;  derivatives  of,  23,  112, 
115,  185;  in  gastrointestinal  tract,  184, 
185;  and  diiodothyronine,  in;  d-thy- 
roxine,  potency  of,  in,  185;  esters  of, 
112;  evolution  of,  7,  8;  effect  in  human 
myxedema,  18,  117;  in  feces,  184,  203; 
in  fetal  thyroid,  14;  in  hypothyroidism, 
118,  208;  in  milk,  70,  194;  in  synthetic 
thyroxine  protein,  118;  in  thyroid  gland, 
120;  in  thyroid  of  newborn,  15;  in 
urine,  208;  iodine  content  of,  51,  291; 
iso-thyroxine,  in;  1-thyroxine,  potency 
of,  in,  185;  metabolism  of,  203;  and 
metamorphosis,  112;  molecular  weight 
of,  291 ;  peptide  of,  18,  112,  115 ;  potency 
of  peptide,  116,  118,  184,  185;  peptones 
of,  185;  perfusion  through  thyroid 
gland,  104;  effect  on  pituitary-thyro¬ 
tropic  content,  167;  polypeptide  of,  117, 
118,  185;  precursor  of,  26;  properties 
of,  50,  51;  racemic,  absorption  of,  116, 
184;  potency  of  racemic,  in;  sodium 
salts  of,  184;  solubility  in  biological 
fluids,  184;  storage  of,  23;  effect  on 
thyroid  gland,  167;  urinary  iodide  from, 
184,  203 

Thyroxyl-diiodotyrosine,  115 
Tissue  extracts  and  metamorphosis,  19,  205 
Tissues,  bio-assay  of,  18,  205;  iodine  in 
(e.g.,  “D,”  “T,”  and  total),  18 
Tolerance,  iodine,  see  Iodine,  tolerance 
Transudates,  chloride  and  iodine  in,  69 
Trapping  of  iodine,  after  thyroid  feeding, 
23;  by  ovary,  21,  151 ;  by  thyroid,  24, 
210,  212,  220,  221,  229-232;  in  liver, 
23,  204;  threshold  for  thyroid,  221-225 
Trypsin,  digestion  of  iodoprotein,  57! 
thyroglobulin,  30,  61 

Tuber  cinereum,  138,  173 !  after  anterior 
pituitary  extract,  i77!  after  diiodoty¬ 
rosine,  177!  after  hypophysectomy,  20, 
177;  after  iodide,  177;  after  thyroid 
feeding,  20,  23,  177;  after  thyroxine,  23, 
177;  damage  of,  176;  and  endocrine 
balance,  125;  iodine  in,  20,  138,  i77> 
178;  site  of,  163,  164;  thyroid  hormone, 
selective  absorption  by,  20,  1 77 
Tubero-hypophysial  nerve  tract,  1 73 !  s‘te 
of,  163,  164 
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Twenty-five-minute  iodine,  2i5>  216,  220 
Tyrosine,  calorigenic  effect,  112;  deriva¬ 
tives  of,  47>  112;  iodination  of,  28,  47! 
phenolic  dissociation  of,  47 

Ultracentrifuge,  35,  36 
Umbilical  blood  iodine,  153 
U.  S.  P.  desiccated  thyroid,  16,  116,  291 
United  States,  iodine  in  soil,  189 
Uranium,  source  of  8-day  iodine,  216 
Urinary  iodine  excretion,  79,  126,  210,  239, 
240.  See  also  Iodine,  excretion 
Uroselectan,  64 

Uterus  and  fallopian  tubes,  iodine  in,  21 

Vasomotor  changes  in  thyroid,  167,  168 
Vegetation  and  urinary  iodine,  192 
Vienna,  goiter  in,  251 


Viscera,  iodine  in,  22 

Vitamins,  and  goiter,  191;  and  iodine 
metabolism,  103,  190,  191;  and  thyroid 
gland,  103,  190-192;  and  thyrotropic 
hormone,  103,  190 

Water,  and  urinary  iodine,  192;  drinking 
water  and  goiter,  188;  iodine  in  body 
water,  ii,  67,  127 

Water  and  electrolytes,  distribution  of  be¬ 
tween  cells  and  colloid,  10,  11,  127;  in 
goiter,  11 

Water  balance,  and  diencephalon,  164, 
172,  173;  and  pituitary,  173 

Wet-ashing,  270,  276 

Xenon,  from  radioactive  iodine,  216 

X-ray,  see  Roentgen  therapy 


